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Abstract
T he te rtia ry  s tru c tu res  of globular proteins are crucial in determ ining reactiv ity  and 
specificity as biological ca ta ly sts  and signalling system s. T he rules determ ining th e  final 
fold of a protein are still unknown, b u t some progress has been m ade in defining te rtia ry  
s tru c tu re  in term s of th e  secondary s tru c tu re , the  conform ation of the polypeptide chain. 
P erhaps surprisingly, no t all of th e  conform ational properties of th is backbone are known, 
and several new approaches to  studying  these are described.
M ost studies of peptide s tru c tu re  have focused on hydrogen bonding, and this is used as 
a  s ta rtin g  point for th is study. Different descriptions of the hydrogen bond, from geom etric 
rules to  ab in itio  calculations, are considered, and an approach based on analysing contri­
butions of individnal polar groups to  th e  poten tial energy using semi em pirical Lennard- 
Jones calculations is chosen on grounds of accuracy, flexibility, and ease of calculation.
Using th is approach, it is shown th a t  e lectrostatic in teractions between main chain 
atom s stabilise the  right handed tw ist found in /?-strands and sim ilar in teractions between 
m ain-chain atom s not hydrogen bonded to  each other influence th e  geom etries of hydro­
gen bonds in cr-helices and /3-sheets. A role for w ater and te rtia ry  hydrogen bonds in 
determ ining backbone conform ation is suggested.
T he sam e technique makes it possible to  investigate in teratom ic repulsions as well as 
a ttra c tio n s . A detailed analysis of th e  a ttra c tio n s  and repulsions in an idealised polypep­
tide explains m any of th e  features of helical s truc tu res in proteins, and suggests a h ith erto  
unexpected directional helix forming pathw ay, which is supported  by a range of kinetic 
and s tru c tn ra l d a ta .
Softw are for au tom ated  searching of a  hydrogen bond d a tab ase  is developed, and used 
to  identify hydrogen bonded rings formed by am ide side chains and main chain peptides. 
In teg rating  th e  d a tab ase  w ith novel visualisation techniques allows a  previously unidenti­
fied p roperty  of b e ta  sheets, the hydrophobic ridge, to be detected .
A range of different com putational approaches was used surging this research, from 
m olecular m odelling to  d a tab ase  searching. Several pieces of softw are were developed, 
and these are described together w ith some observations abou t the  types of softw are and 
working environm ents which were found to  be useful in stru c tu ra l biochem istry, and w hat 
types of softw are technology could be developed to  make th is task  easier.
Thesis Supervisor: E .Jam es M ilner-W hite 
T itle : D octor
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Summary
11
Hydrogen bonding is identified as the m ajor structural stabilisation in  proteins. Previ­
ous extensive reviews based on hydrogen bonding patterns have provided useful insights into  
m any aspects o f protein  structure. In  particular, they have been used to identify properties 
such as the role o f saturation o f hydrogen bonding potential as an im portant constraint on 
all adopted conform ations, and to show the value o f  approximate energy assignm ents in  
identify ing stabilisation in  loops and strained regions o f proteins.
This work extends the use o f approximate energy calculations to study the conform a­
tional preferences o f side chains and the polypeptide backbone, providing evidence that:
(1) potentia l energy fu n ctio n s based on atom-centred potentials without explicit direc­
tional constraints are effective in  describing hydrogen bonding as judged by the m atch o f  
a new study o f potentia l energy fu n ctio n s with observed spatial d istribution o f hydrogen 
bonding partners,
(2) (3 tivist is an in trinsic  property o f all polypeptide backbones, with intra-strand elec­
trostatics and m a incha in /m aincha in  and m aincha in /so lven t steric effects possibly more 
significant in  this respect than sidechain effects,
(3) the extended  5io helix and tt helix are not stable secondary structures, the 3iq helix 
because it experiences no barrier to folding to the more stable alpha helix and the t t  helix 
because it is sterically unfavourable. These conclusions are based on a set o f potential 
energy calculations on long polypeptides, rather than on N-acetylated N ’-m ethylated am ino
In troduction  12
acids, which also scîwe to explain the observed distributions o f secondary structure f/'ip  
distributions,
(4) helix growth is likely to be stepwise, because o f an observed potentia l energy barrier 
to concerted folding, and directional (in  the C ’ to N ’ direction) because o f a steric/electrosta tic  
block to helix growth at the C -term inal end. Evidence from  other sources fo r  this directional 
pathway is presented.
Searches based on hydrogen bonds are dem onstrated to be useful fo r  identifying signif­
icant structural stabilisations, not only in  cases where the hydrogen bonds are them selves 
part o f the stabilisation but also where they fo rm  a geom etric fram ew ork underlying som e  
other stabilising structure. For example:
(1 )  rings involving the amide side chains asparagine and glutam ine hydrogen bonded to 
distan t sections o f the m ain  chain are surveyed, the results suggesting that tertiary in ter­
actions involving side chains m ay be im portant determ inants o f local secondary structure.
(2) techniques fo r  visualising the hydrogen bonds which stabilise beta sheets also iden­
tify ridges o f hydrophobic residues running perpendicular to the strand direction, which
seem  to be a ubiquitous and structurally significant property o f all beta-containing protein  
structures.
This work has given a clearer picture o f the types o f com puter software which are needed 
i f  analysis and interpretation o f protein  structure is to be sim plified and extended to in ­
clude the increasing database o f solved crystallographic structures and the large num ber 
o f related conform ations generated from  molecular dynam ics sim ulations. Such software
should allow both autom ated searches based on user-defined regular structural pa tterns  
and a flexible visualisation system  allowing both realistic, detailed p ictures o f in teractions  
and sim plified but in form ation-rich  cartoons fo r  pairwise comparison o f related structures. 
M any o f the parts o f this system  exist already, in isolation, but the nature o f  software 
developm ent suggests that more work is needed in the area o f geom etry description and  
algorithm representation, that is in file and interchange form ats, rather than the develop­
m en t o f new software ivhich inevitably has a short lifespan and well docum ented problems 
with m aintenance i f  that lifespan is extended.
I
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1.1 S tudying biom olecular structure
Since th e  in itial successes in th e  study  of biomolecular s tru c tu re , based on repetitive hy­
drogen bonding p a tte rn s  [1 , 2], m any a ttem p ts  to  explain th e  th ree  dim ensional s tru c tu re s  
of biological macrom olecules in term s of hydrogen bonds have been m ade. T he s tru c tu re  
of proteins has proven to  be particu larly  in tractab le , particularly  fru stra tin g  in view of 
th e  facts th a t  te rtia ry  s tru c tu re  is known to  be entirely defined by the  increasingly easy to  
ob tain  sequence inform ation, and th a t  the  m ajority  of biological reactions and signalling 
system s are based on p ro te ins’ shape-dependent properties.
T he difficulty in predicting protein s tru c tu res  from sequence inform ation probably has 
two m ain causes. T he first is th a t  folding occurs in aqueous solution, and th e  effects of 
highly polar solvents on m olecular dynam ics are still poorly understood . T he second is the  
huge range of possible s tructu res, which m ake it difficult to  de tec t significant p a tte rn s  in 
protein  behaviour. Even as la te  as 1981 the developm ent of a  new m olecular v isualisation 
technique m ade a significant contribu tion  to  th e  classification of protein  s tru c tu re  families
[3], while th roughou t the  last 15 years developm ents in com puter display technology have 
m ade th e  analysis of proteins m ore routine and m ethodical. I hope to  show th a t  there  is 
still some way to  go in fully understanding  the  forces which control protein conform ation, 
b u t a t  the  sam e tim e suggest a num ber of constra in ts on the polypeptide backbone which 
m ay m ake the  prediction of te rtia ry  s tru c tu re  m ore trac tab le .
This work focuses prim arily  on in tra-p ro tein  forces w ith a s trong  e lec trosta tic  com po­
nent. These are often (b u t not exclusively) those which are classified as hydrogen bonds. A 
num ber of different m ethods for analysing these in teractions are exam ined, and a  Lennard- 
Jones po ten tia l sim ilar in form  to  those used in m any biom olecular force fields [4, 5, 6 , 7] 
is selected as a tool for analysing the  conform ational space of th e  po lypeptide backbone 
and for a  m ore sensitive analysis of te rtia ry  interactions.
1.2 S tudies o f  hydrogen bonds in proteins
Identifying p a tte rn s  in protein s tru c tu re  requires some so rt of simplifying scheme. T he 
polypeptide backbone has two free ro ta tions per residue, which in a 100  residue protein 
gives a  200 dim ensional phase space to  describe the backbone alone. D irect com parison of
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geom etric s tru c tu res  involves costly com putations, and gives rise to  particu la r com plica­
tions when th e  topology of two related  s tru c tu res  is different (for exam ple th rough  residue 
insertion, deletion or m u ta tio n ). Higher level p a tte rn s  such as hydrogen bonds are useful 
here, since they  form  an in term ediate  description which can be used either to  identify re­
lated  geom etries th rough  a sim ple m atching scheme and are them selves a  significant p a r t 
of th e  process which determ ines th e  s tru c tu re  under investigation.
1.2.1 O bserved structural properties
A com prehensive survey of hydrogen bonds was carried ou t by B aker & H ubbard  [26] in 
1984. T hey looked a t 15 of the highest resolution s tru c tu res  available a t the  tim e and 
found a num ber of p roperties of protein hydrogen bonds which have since been shown to  
be generally tru e  of all new protein structu res.
T he elem ents of th is survey which are m ost relevant to  th e  results in th is work include
G lo b u la r  p r o te in s  e x h ib i t  s a tu r a t i o n  o f  h y d ro g e n  b o n d in g  p o te n t ia l .  In globular 
proteins, alm ost all of th e  C —O and N-H groups of th e  polypeptide backbone (al­
m ost 90%) which could m ake hydrogen bonds in fact do so. This is a significant 
constra in t on protein folding, especially for those residues whose hydrogen bonding 
sites are buried in th e  hydrophobic interior with no prospect of m aking hydrogen 
bonds to  w ater molecules, and so have to  find o ther m ain chain hydrogen bonding 
p artners. T he consequences of th is constra in t are investigated in m olecular models 
developed in chap ter 3.
M o s t  h y d r o g e n  b o n d s  a r e  m a in c h a in  to  m a in c h a in . T his generally m eans in regions 
of secondary s tru c tu re , helices, sheets or tu rns. This observation on its own does 
not help in predictions of protein s tru c tu re , since the backbone s tru c tu re  and hydro­
gen bonding p a tte rn  is independent of the  sequence (except in th e  case of proline 
residues, discussed in section 3.7), b u t provides a fram ew ork in to  which any theory  
of protein folding would have to  be fitted . A particu lar consequence of th is p roperty  
is th a t  transitions between secondary s tru c tu re  types are likely to  be m ore significant 
th an  th e  stab ility  of any given secondary s tru c tu re  elem ent alone.
P o la r  s id e c h a in s  e x h o r t  a  d i r e c t in g  in f lu e n c e  o n  m a in  c h a in  s t r u c t u r e .  In regions 
w ithou t repetitive stru c tu re , these sidechains give rise to  extended netw orks of hy­
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drogen bonds w ith near-optim al geom etry (examples of which are studied  in chap ter 
7), while hydrogen bonding to  tu rn s  and the ends of alpha helices (particu larly  th e  
N -term inal ends) has a  significant role in “m opping up” th e  po ten tia l hydrogen bond­
ing sites, (and perhaps a  role as helix in itia to rs or term inato rs) which is im p o rtan t 
to  the  conclusions of chap ter 6 on th e  pathw ay of helix form ation.
1.2,2 O bserved th erm od ynam ic properties
A ccurate m easurem ent of the  significance of individual in teractions in proteins is still 
difficult, bu t reviews of the  available therm odynam ic d a ta  suggest th a t  we are close to  a 
reasonable in terp re ta tio n  of the  factors involved. For exam ple the  review by W illiam s [9] 
ex tends work on sm all molecule association to  give a rough q u an tita tiv e  estim ate  of the 
factors involved in the  free energy of protein folding.
A t first exam ination, hydrogen bond enthalpies seem to  have little  to  offer as tools 
for th e  in te rp re ta tio n  of protein folding, since their net contribu tion  to  association of 
sm all peptides or protein folding is a m ere 0-2kJmol~^ per residue, apparen tly  because 
of th e  need to  break w ater-pro tein  hydrogen bonds first. In fact, hydrogen bonds have 
a significant contribu tion  (-20kJm ol“ Q when free energy is considered, with th e  ex tra  
contribu tion  provided by the  favourable entropy  change on freeing w ater molecules from 
their ordered s ta te  when hydrogen bonded to  the peptide.
O th er significant contribu tions to  th e  free energy of folding come from  th e  restric­
tion  of in ternal ro tations, w ith a decrease in entropy and an unfavourable free energy 
of around -j-25kJm oF^/residue, and th e  enthalpy of stra in  in th e  folded s ta te  of around 
7kJm ol“ ^/residue.
T he hydrogen bonding contribu tion  is therefore th e  m ajor factor, w ith hydrophobic 
effect (-9 k Jm o F ^ / residue) and van der W aals effects (-3 .5kJm ol“ V ^ s id u e )  providing the  
fine tun ing  which discrim inates between huge range of different possible folded s ta tes.
T he very low overall stab ilisation of proteins probably plays an im p o rtan t functional 
role in controlling th e  ra te  and reversibility of folding. In th is contex t, hydrogen bond 
netw orks define the space of allowed conform ations and perhaps of allowed tran sitio n s  
between sta tes, b u t will rarely be th e  sole determ inants of th e  final s tru c tu re .
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1.3 T he identification  o f hydrogen bonding p attern s
Looking a t hydrogen bonds, a  num ber of useful features become clear. P rim arily, they 
are a very quick and reliable way of identifying p a tte rn s  of secondary stru c tu re . For 
exam ple, a lpha helices are identified as regions w ith m ultiple hydrogen bonds between 
m ain chain peptides four residues ap a rt, a  feature which can reliably be used to  assign 
these s tru c tu res  even w ithout knowledge of the backbone torsion angles. Parallel and 
an tiparallel b e ta  sheets can likewise be identified by their hydrogen bonding p a tte rn s , as 
dem onstra ted  in chap ter 8 .
A m ore significant use for hydrogen bonding inform ation is in th e  identification of 
non-repetitive s tru c tu res  (loops and tu rn s). A lthough these can also be identified by th e ir 
torsion angles, torsion angle inform ation is difficult to  in terp re t in tab u la r form , and is 
difficult to  display in relation to  te rtia ry  s tru c tu re . Since it tu rn s  o u t th a t  loops can be 
defined in term s of their hydrogen bonding p a tte rn s, these can be used to  identify novel 
p a tte rn s  and find known p a tte rn s  in new protein structures.
A t Glasgow University, research on P ro te in  s tru c tu re  has been carried ou t in collabo­
ra tion  w ith th e  d ep artm en t of C om puter Science, to  enable new display techniques to  be 
developed in conjunction w ith the researchers, who in tu rn  can provide th e  softw are re­
quirem ents and feedback on th e  success or failure of different approaches. M ilner-W hite, 
P o e t and B elhadj-M ostafeda produced new techniques for visualising protein backbone 
s tru c tu re s  [10] and were able to  identify new classes of loop [11] using th is approach. 
M y own work placed me in bo th  cam ps, as program m er and end user, which gave some 
valuable insight into possible im provem ents in com m unication and sharing  of expertise 
between th e  two fields.
Hydrogen bonds define a  topology which is an effective first approxim ation  to  th e  full 
3D s tru c tu re , and although th is work looks a t m any wider factors im p o rtan t to  protein 
stability , hydrogen bonds provide the fram ew ork for com parison of sim ilar s tru c tu ra l motifs 
th roughou t.
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1.4 Force fields, conform ational spaces and con stra in ts
A t one level th e  forces defining protein s tru c tu re  can be said to  be fully understood . T here 
are a num ber of effective force fields developed for energy m inim isation of crystallographic 
s tru c tu res , and these can now be used for m olecular dynam ics calculations as well. All are 
based on a range of param eters which are either experim entally determ ined or found by ab 
in ito  q uan tum  mechanical calculations, covering bond lengths and v ibrations, th ree-body 
(bond angle) and four-body (bond torsion) effects, electrostatics, and o ther non-bonded 
in teractions. There are a  range of different force fields widely used, bu t all are fairly sim ilar 
in their properties, barring only a few m inor details of their param eterisa tion .
Typically, these are used in a  num ber of different ways:
E n e r g y  m in im is a t io n .  T he force field is used to  determ ine the  energy of an estim ated  
stru c tu re , and some itera tive  technique is used to lower th e  energy of the  system  
w ithou t m ajor topological changes being introduced. This is done either as an a t­
tem p t to  im prove a crystallographic s tru c tu re  determ ination , or to  relax constra in ts  
im posed in the  building of a molecular model to  provide a m ore accura te  s tru c tu re .
S im u la te d  A n n e a l in g .  T he force field can be used to  generate a dynam ic tra jec to ry , 
approxim ated  by in tegra ting  N ew ton’s equations of m otion. Energy m im inisation 
on its own is ham pered by th e  fact th a t  protein stru c tu re  shows a  very large num ber 
of local m inim a, and hopefully one single global m inim um  which corresponds to  
the  final folded s tru c tu re . To escape from  local m inim a, the  dynam ic tra je c to ry  is 
calculated for an un-physically high tem p era tu re  (typically a  few thousand  degrees 
Kelvin) for a  sho rt tim e, followed by ano ther cycle of energy m inim isation, hopefully 
in to  a  lower energy conform ation. W hile th is approach and varian ts of it  are very 
effective a t  finding th e  enthalpic m inim um , they do not provide a certain  rou te to  
th e  tru e  s tru c tu re  of a  molecule because they do not model th e  free energy of the  
system .
M o le c u la r  D y n a m ic s .  Until recently, th e  com putational effort involved in in tegra ting  
th e  equations of m otion over th e  tim e scales a t which proteins exhibit significant 
conform ational change m eant th a t  little  useful inform ation could be ob tained  from 
such sim ulations. However, increases in com puter power and availability have m eant
I
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th a t  direct molecular dynam ics sim ulations of whole proteins have become more 
com m on, and although protein folding is a process which is still im possible to  sim-
ulate, properties of protein folding which depend on protein  flexibility can now be 
investigated.
One possible use of these force fields has not been widely adop ted  to  da te . Since 
it is accepted th a t  the final protein s tru c tu res  refined using these p aram eter sets are 
realistic, the  individual com ponents of the  force field are likely to  be reliable estim ates 
of intram olecular forces. This is one of th e  m ain them es of th is work: by tak ing  the  
individual in teractions which together stabilise a s truc tu re , it is possible to  gain valuable 
insights into their relative im portance and detailed conform ation dependent properties.
This was largely carried ou t using molecular modelling, w ith reference to  s tru c tu res  
from the  Brookhaven Pro tein  D atab ase  [12] to  verify w hether models corresponded to  real 
p a tte rn s  seen in proteins. One im p o rtan t featu re of these models is th a t  they were no t tied 
to  a single force field wherever possible. In particu lar, constrained energy m inim isation 
was not carried out, even though this im proves the quality  of sim ple m olecular models. 
T he ra tionale for th is was twofold;
.1 . the  changes in bond lengths and torsions would have m ade th e  results sensitive to  
th e  properties of the  force field used, and hence less general.
2 . m any of th e  significant conclusions of th is work relate to  conform ations which are a t 
th e  edges of perm itted  regions of conform ational space, and in som e cases actually  
depend on the  identification of the m ajor unfavourable in teractions, which would 
have been very hard to  identify if th e  m odel stru c tu res had become d isto rted  th rough  
degrees of freedom o ther th an  th e  ones explicitly being studied.
1.5 C onventions
T hro u g h o u t th is work a variety of different types of display are used to  show stru c tu res  
and energy calculations. These are explained as they  are used, b u t the  conventions of the  
th ree  m ost com m on types of figure, colour poten tial energy diagram s for absolute energy 
calculations, m onochrom e poten tial energy diagram s for constrained energy calculations,
I
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Figure 1.1: Conventions for Energy Contour Diagrams 
Throughout this work, many systems are reduced to a two dimensional conformational 
space and potential energy plotted as a function of two paramters. There are two classes  
of energy plot, and they are displayed using two different conventions. For plots which 
represent a full sampling of the conformational space, such as Ramachandran plots, the 
lowest value found is the absolute minimum for the system. In these cases, energies are 
contoured as greyscale values relative to this minimum, from white ( / /  — Hmtn < 0 - f  (5/7) 
to black (77 — 77,„,„ > Umax)- For plots which represent a spatial interaction between two 
free groups, the energy is relative to the two groups at infinite separation. Contours are 
drawn relative to II =  0, with negative values in the range white—^ red, and positive in 
deepening shades of blue. Where (77 > Umax), values are uniform grey.
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Figure 1.2: Conventions for Molecular Graphics 
Molecular diagrams in this work are designed to be seen in relaxed stereo, that is with the 
left eye seeing the left image and the right eye the right image. The display convention for  
the ball and stick models is Oxygen-red, Nitrogen-blue, Hydrogen-white, Sulphur-yellow, 
and Carbon-grey, with amino acid CT atoms drawn as balls and all other carbon drawn 
at the same width as bonds, giving them the appearance of “jo in ts ’'. Chemical bonds are 
grey, and hydrogen bonds are red. In most cases, main chain segments are drawn from.
Cf to rather than by the more usual residue assignments (N^ to
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C h a p t e r  3: G e o m e tr y  c o n s t r a in t s  a n d  t h e  tw is t  o f  t h e  (3 s t r a n d
C h a p t e r  4: H y d r o g e n  b o n d  g e o m e tr ie s  fo r  p o la r  s id e c h a in s  a n d  p e p t id e s .
C h ap te r 4 takes the  po ten tia l and probe system  developed in chap te r 2 and applies it 
to  assess th e  hydrogen bonding po ten tial and geom etry of polar sidechains. T his shows
S e c t i o n  I
Section I begins w ith a review of th e  various definitions of hydrogen bonds which have 
been used in the past. From  this, it is clear th a t  a flexible b u t physically realistic technique 
for exam ining th e  geom etry dependent properties of in tra-p ro tein  forces would be useful. 
Such a technique is developed, and proven to  be powerful even in th e  analysis of system s 
which were though t to  be well understood, particu larly  the forces stabilising (and in some 
cases destabilising) s tran d s and helices.
C h a p t e r  2 : H y d r o g e n  b o n d in g
C h ap te r 2 reviews the  definition of the hydrogen bond, and co n tra s ts  different ways of 
assessing them  in protein structu res. Em pirical Lennard-Jones 9-6-1 and 12-6-1 po ten tia ls 
are identified as the  m ost reliable way of ob tain ing a realistic p icture of in tra-p ro tein  
forces interactively. A new technique for evaluating the  hydrogen bonding po ten tia l of 
po lar groups, based on neu tra l d ipolar probes w ith van der W aals param eters , is shown 
to  cap tu re  th e  m ain features of hydrogen bond geom etry and is used in chap ters 3 and 4.
$
C h ap te r 3 looks a t  the  four dipoles, two of N-H and two of C = 0 ,  which m ake up the  
“d ipep tide” system  of th e  R am achandran  plot which is used to  in te rp re t p roperties of 
p rotein  stru c tu re . S tudying th e  four possible in teraction sets they  provide, it is shown th a t  
any dipeptide R am achandran  plot is likely to  have its  minim um  energy in a  conform ation 
which is seldom seen in real s tru c tu res. An explanation for th is is provided by a  model 
in which te rtia ry  hydrogen bonding is approxim ated using blocking groups. T he resulting 
po ten tia l energy suggests th e  b e ta  s tran d  has an intrinsic e lec trosta tic  predisposition to  
tw ist caused by the  carbonyl-carbonyl in teraction , a  feature which has previously been 
ascribed to  side chain in teractions. This work has been the sub ject of a paper, (M accallum  
e t al I, Jou rna l of M olecular Biology, [13]).
I
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th a t  these sim ple calculations can reproduce the  observed p a tte rn s  of hydrogen bond 
d istribu tion  around these groups, all properties o ther th an  sp^-directing effects of carbonyl 
oxygen lone pairs being accurately  represented: these results are com plem entary  to  recent 
exhaustive d a tab ase  analyses of sidechain hydrogen bonding properties [35, 27]. T he sam e 
technique applied to  in teractions between pairs of peptides shows th a t  e lec trosta tic  effects 
provide th e  explanation for th e  observed deviations from ideal hydrogen bonding geom etry 
in crysta l s truc tu res. T he work on peptide-peptide in teractions has been the su b jec t of a 
sep a ra te  paper, (M accallum  et al II, Journa l of M olecular Biology, [14]),
C h a p t e r  5: T h e  s t a b i l i ty  o f  d if fe re n t  ty p e s  o f  h e lix
Using th e  results th a t  s tru c tu re  can be in terp re ted  as a set of separa te  additive in teractions 
(as shown in chapter 3) and th a t  th e  geom etry of p ep tid e /p ep tid e  in teractions can be 
explained in term s of steric effects and electrostatics alone (as shown in chap te r 4), the  
stab ilities of different classes of secondary s tru c tu re  elem ents are investigated using model 
polypeptides and assessing th e  two residue, th ree residue, four residue and five residue 
in teractions separately. T his reveals th ree  significant features: th e  3io helix is no t a
local m inim um  on th e  polypeptide conform ational po tential energy surface, th e  tt helix is f
excluded because of atom ic collisions, and there is a  significant barrier to  concerted folding
of s tran d s  to  helices.
C h a p t e r  6 ; T h e  e n d s  o f  a  h e lic e s  a n d  t h e  d y n a m ic s  o f  h e lix  f o r m a t io n
C h ap te r 6 takes th e  observation th a t  sim ple concerted folding of helices is unfavourable 
and looks for evidence th a t  a stepwise pathw ay, adding residues a t th e  ends of helices, is 
adop ted . Com m on d isto rtions a t the N ’ and C ’ ends of helices are identified as possible 
folding features, and a model of stepwise folding is developed which shows th a t  the  ends 
m ust indeed be d isto rted . T he C ’ end in particu lar has a  conform ational block to  helix 
form ation , and it is suggested th a t  the  absence of a  sim ilar block a t  th e  N ’ end m eans |
th a t  helix grow th has a preferred C ’ to  N ’ direction. Evidence from  experim ental studies 
is gathered  to  support th is suggestion.
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Section  II
T he second section approaches the  problem  of protein arch itecture from  th e  to p  down, 
re la ting  th e  techniques for studying  individual in teractions to  th e  m ore e laborate  tools 
needed for te rtia ry  s tru c tu re  analysis. M ethods from analysis of tex t d a tab ases  to  V irtual 
Reality visualisations are applicable here, and bo th  approaches are shown to  provide new 
insight into th e  forces stabilising proteins - searches of hydrogen bonding p a tte rn s  showing 
how sidechains can stabilise m ain chain conform ations, and visualisations of hydrogen 
bonding netw orks helping to  identify hydrophobic in teractions which appear to  stabilise 
b e ta  sheets.
Chapter 7: Tertiary ring structures stabilising proteins
W ith  th e  assurance th a t  hydrogen bonding is a  useful conceptual fram ew ork for studying  
pro tein  s tru c tu re , a d a tab ase  of hydrogen bonds for proteins from  th e  Brookhaven protein 
d a tab ase  was developed as an aid to  s tru c tu re  p a tte rn  identification. Software for au to ­
m ated  searches of this d a ta  is described in chap ter 7, and an application to  identifying 
and classifying ring s tru c tu res  form ed by main chain segm ents hydrogen bonded to  am ide 
side chains is shown. T he results of th is chapter form p a rt of a  paper, (le Q uestel e t al. 
Jo u rn a l of M olecular Biology [17]).
Chapter 8: Showing hydrogen bonds in relation to protein backbones
One im m ediate problem  which arises from a d atabase  of hydrogen bonds is th a t  it is hard 
to  in terp re t. C hap ter 8 dem onstrates a  num ber of ways in which hydrogen bonds can 
be shown in relation to  overall protein fold, and suggests a  simple way in which these 
and related  displays could be defined for inclusion in general m olecular graphics system s. 
A novel display technique based on th e  m idpoints of peptides is shown to  be particu larly  
useful for th e  display of b e ta  sheet s tru c tu re . An im plem entation of th is technique has been 
developed using th e  V IE W  system  by collaborators a t the  University of N orth  C aro lina 
a t  C hapel Hill (Bergm ann et al, Jo u rn a l of M olecular G raphics [18]).
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Chapter 9: Hydrophobic ridges in /? sheets
T he techniques developed in chap ter 8 m ade it  possible to  m ake a  quick visual analysis of 
th e  sheets in a num ber of proteins. This review, presented in chap ter 9, revealed th a t  the  
known propensity  for hydrophobic residues to  pair up between s tran d s  actually  ex tends 
to  the  form ation of ridges of hydrophobic residues running perpendicular to  the  s tran d  
direction. An extensive set of exam ples is provided, and it is suggested th a t these ridges 
are an im p o rtan t facto r in the  overall stab ility  of (3 sheets.
Chapter 10: Problems in Protein Visualisation
M ost of th is work was carried ou t using specially w ritten  software, and it is not clear how 
a m ore general package of su itable flexibility could be w ritten  to  reduce the  program m ing 
effort for th is type of research. However, there  are a num ber of general issues arising 
from  my experience, in particu la r in the m a tte r  of software p ro to typ ing  and th e  conflict 
between th e  dem ands of working biochem ists and the a ttitu d e s  of program m ers, which 
suggest some general rules for developing softw are in the  field of biom olecular s tru c tu re .
Some im pressive a ttem p ts  have been m ade to  provide a  generic, flexible s tru c tu re  analysis 
tool [19], b u t my experience as presented in the final chapter suggests th a t  a  sa tisfac to ry  
solution is still some way off, and m ay lie in b e tte r agreem ent ab o u t file form ats ra th e r 
th a n  the  developm ent of ever m ore elabo rate  specialised softw are tools.
Section  III
Finally, th e  appendices contain details of p aram eter sets used, som e of the  modelling 
techniques developed for th is study, a  description of the hydrogen bond fo rm at and search 
softw are, and two of th e  m any display algorithm s which were included in tools developed 
specially during my research.
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C h a p ter  2
H ydrogen B onding
system  which is constrained to have a two dim ensional interaction potential, which can be 
visualised easily and captures m any o f the significant features o f the higher dim ensional 
spaces it approximates.
26
A  hydrogen bond is an interaction in lohich a hydrogen atom bonded to an electronegative 
atom  is exposed to a second electronegative atom and, through a com bination o f electro­
sta tics and weak quantum  mechanical bonding, binds to that atom  with a characteristic  
directionality and short donor-acceptor distance, typically less than the combined van der 
Waals radius o f the two atom s involved.
A fu ll treatm ent o f the hydrogen bond requires ab initio  quantum  calculations, but these 
are too tim e consum ing fo r  interactive investigations and in fa c t show that the m ajor part 
o f the stabilisation is provided by the electrostatic part o f the interaction. The electrostatic  
part has been used on its own as a tool fo r  studying hydrogen bond patterns, but is deficient 
in regions o f close packing or poor hydrogen bond geom etry where it is m ost needed.
A n  approach based on combined electrostatics and Lennard-Jones potentials is shown  
to have the right qualitative features to explain hydrogen bond geom etry. The close donor-  
acceptor contact is handled by having a zero radius fo r  hydrogen bonding hydrogen, which 
com pensates fo r  the lack o f bonding effects. This simple model shows the correct direction­
ality, has approximate quantitative justifica tion  from  sm all molecule data, and is the basis 
o f a range o f widely used force fields, so is adopted throughout this work.
The exam ination o f directionality is carried out using a set o f fi.xed atom s and a probe
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Figure 2.1: A Simple P ic tu re  of Hydrogen Bonding 
This figure shows the sim plest interpretation o f hydrogen bonding, as a purely  
electrostatic effect occurring when hydrogen is bonded directly to a strongly 
electronegative atom  such as oxygen or nitrogen. The residting charge asym m etry can be 
treated as a pair o f point charges with values which are not m ultiples o f e, so-called 
PARTIAL CHARGES, In  this situation, hydrogen adopts a positive partial charge, while the 
atom  covalently bound to it (the HYDROGEN BOND DONOR D^, takes on a negative 
partial charge. MHien this system  is brought near to another charged or polar group, the 
atom s tend to line up so that the hydrogen is as close as possible to the atom  o f that 
group with the highest effective negative charge (the h y d r o g e n  BOND A C C E P T O R  A ^ ,  
while the donor atom  m axim ises its distance from  the sam e group.
2,1 In troduction
Hydrogen bonds are invoked to  explain anom alously sho rt D -H ...A  distances. In proteins 
these distances do not seem as extrem e as for the  classic H F ...H F  or sm all molecule 
case, bu t hydrogen bond type in teractions are ubiquitous de term inan ts  of biom olecular 
s tru c tu re .
It has long been recognised th a t  the  physical properties of molecules containing hydro­
gen bonded to  a  strongly  electronegative atom  are unusual, and th a t  such molecules exhibit 
unusual association properties and behaviours in polar solvents. This has been a ttr ib u ted  
to  the very low electronegativ ity  of hydrogen, and is regarded prim arily  as an elec trosta tic  
effect of th e  polarity  of the  D-H bond. Some of the m ore extrem e effects of hydrogen 
bonding in m aterials have led to  m ore e laborate  models In which the  e lectrostatic  effects 
are enhanced by a  specific bonding term . T his has been regarded as necessary to  explain 
the sho rt D -H ...A  distances seen in some system s, and the  unusually s trong  directional 
dependence of the bond in m aterials such as those containing HF species.
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2.2 M ethods: M odels o f  th e  hydrogen bond
M odels of th e  hydrogen bond fall in to  a num ber of classes, ranging from the triv ia l geo­
m etric description of observed geom etric preferences from known protein s tru c tu re s  to  a 
full quan tum  mechanical trea tm en t. T he purpose of th is chap ter is to  identify a model 
which exhibits as close a  m atch as possible to  the  observed properties of hydrogen bonding 
in proteins while still being sim ple enough to  analyse and im plem ent in a range of different 
s ituations. M odels based on em pirical a tom -centred  potentials are regarded as acceptable 
for the  analysis of protein s tru c tu re , and nearly all s tru c tu ra l determ ination  and dynam ics 
sim ulation is curren tly  done using these m ethods. Q uantum  m echanical techniques have 
historically been difficult to  apply correctly  and have required unfeasably long co m p u ta­
tion tim es, b u t new approaches, b e tte r softw are and faste r com puters are now m aking ab 
in itio  calculations of system s of th e  size investigated in th is work feasible.
2.2.1 Em pirical M odels
Since hydrogen bonding can be directly related to  the electronegativ ites of the  atom s 
involved, m ost models have focused on charge d istributions, w ith som e consideration of 
ideal geom etries included in an em pirical way.
T he first m odels of hydrogen bonding were purely electrostatic , and a ttem p ted  to  
o b ta in  realistic results by d istribu ting  point charges to  represent valence electrons and 
unshielded atom ic nuclei, for exam ple the  simple Pop le /L ennard-Jones model which was 
developed to  explain the  0 -H .. .0  bond distance in w ater had five different charged objects:
:.“L
a single unshielded (-f 1) charge on the  donor oxygen nucleus 
a  single unshielded ( j - l )  charge on the donor hydrogen nucleus
a single point, doubly charged (-2) to  represent the bonding electrons
.•  a  single point, doubly charged (-2) to  represent th e  lone pair electrons of th e  acceptor -
oxygen
•  a  double unshielded charge (-]-2) on the acceptor oxygen nucleus
Using this m odel Pople and Lennard-Jones were able to  assign positions to  th e  electron 
pairs to  explain th e  observed positions of th e  nuclei. However, such a m odel is qu ite  hard
S
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to  justify  from  first principles, and for com plex system s th e  positions of all th e  electron 
pairs could not be reliably assigned.
M ore usable em pirical poten tials have been proposed, w ith po ten tials refined against 
th e  observed properties of crystals of sm all organic molecules and tailored to  fit th e  ob­
served s tru c tu ra l p roperties of proteins - some of these are discussed in section 2.2.4. In 
p articu lar, system s of point charges are supplem ented by Lennard-Jones or M orse style 
poten tials, which allow for th e  repulsive cores of atom s and also provide a  m ore realistic 
tre a tm e n t of th e  in teractions of non-bonded atom s which are very close to  each o ther.
Since a hydrogen bond only contains some 10% actual bonding character, m any ob­
servers have chosen only to  consider the electrostatic com ponent. One case which is 
of particu la r significance here is the  work of Kabsch and Sander [20], who stud ied  the  
stren g th  of hydrogen bonds in proteins using a simple model which assigned single point 
charge to  the  atom s of th e  peptide bonds. Some of the properties of this m odel will be 
discussed later: there are obvious oversim plifications involved in ignoring th e  positions of 
lone pair electrons, b u t a simple e lectrostatic  model is surprisingly useful. T he only ex tra  
consideration which will be m ade here is th e  effect of non-bonding in teractions.
An exhaustive study  of th e  precise n a tu re  of the hydrogen bond is outside th e  scope 
of th is work, b u t possible bonding effects could play a role either enhancing or interfering 
w ith th e  results based on em pirical force fields. T he d a ta  presented here are qualita tive
‘v;v
2.2.2 Q uantum  m echanical m odels
A com plete m odel would have to  provide a  full quantum  mechanical tre a tm e n t of the  
bonding as well as the  electrostatic  term s. As a  step  tow ards th is T subom ura  proposed a 
set of canonical s tru c tu res  to  describe th e  contribu ting  m olecular orb ita ls of th e  D -H ...A  
system  (see figure 2.2). Spectral studies and ab initio calculations suggest th a t  the  first 
two which contain explicit hydrogen bonding term s, V’fe a.nd ipc^  con tribu te  roughly 10% 
of th e  observed hydrogen bonding energy when the  hydrogen bonding geom etry is close 
to  linear [23]. A lthough it is now becoming possible to  solve th e  wave equations for sm all 
peptides and sections of proteins, such results are hard to  in terp re t for sm all sections of 
large molecules and th e  m atch between th e  theoretical results and the  physical p roperties 
of th e  system  is hard to  assess, particu larly  when try ing to  m easure a ttra c tio n s  between 
polar groups which are p a r t of th e  sam e molecule.
I
Hydrogen B onding  30
in terp re ta tio n s of th e  s tru c tu ra l p roperties of proteins: if it were possible to  define the 
m inim al set of significant protein s tru c tu res  which define folding and stab ility  then  effort 
could be focused on these using th e  best available quan tita tiv e  techniques. Here it is argued 
th a t  the  problem  is not yet well enough defined for such an approach to  be successful.
One of the  m ost significant contribu tions which a  covalent m odel of th e  hydrogen 
bond would m ake would be to  enhance th e  d irectionality  of the  in teraction : th ere  m ight 
be expected to  be a stronger tendency for the th ree  atom s m ost closely involved to  be co­
lin ear and in the  case of system s involving pi-orbitals, a tendency to  be coplanar also. Later 
chap ters  show th a t  in proteins th is is rarely the  case, b u t it m ust be stressed th a t  there 
are considerable conform ational constra in ts placed on any in teracting  system  in a protein. 
On the  o ther hand, m any system s do succeed in maxim ising e lec trosta tic  in teractions; a 
sim ple point charge based m odel explains m any observed p a tte rn s, and quan tum  bonding 
effects m ay only be significant as quan tita tiv e  corrections to  th e  em pirical model presented 
th ro u g h o u t th is work.
2.2.3 H ydrogen bonding sites along th e  po lyp ep tid e  backbone
T he polypeptide backbone is a  sequence of a lternating  hydrogen bond donors and ac­
ceptors, as shown in figure 2.3. Each peptide can ac t as a donor and acceptor, and in 
m ost cases acts as bo th  a t once. S a tu ra tio n  of hydrogen bonding po ten tial m eans th a t  
the  arrangem ent of these positions is im p o rtan t in determ ining th e  final folded s ta te , and 
possibly also in th e  control of th e  protein folding pathway. M ost of these hydrogen bonds 
are m ainchain-m ainchain in teractions, although bonding to  sidechains and solvent also 
play an im p o rtan t role.
T here are, of course, o ther hydrogen bonding sites in proteins; polar sidechains, the 
charged ends of th e  polypeptide backbone, and charged residues can all p a rtic ip a te  in 
hydrogen bonding. These will be discussed fu rth er in chap ter 4.
2 .2 .4  E lectrostatic  M odels
T he success of the  P op le /L ennard-Jones model for w ater, and the  fact th a t  the main 
stabilising in teraction  in hydrogen bonds is an effect of molecular polarity, have encouraged 
several workers to  adop t a  simple e lectrostatic  model of the  hydrogen bond. In particu la r
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Kabsch and Sander [20] used a  simple four-point model to  provide an energy to  use as 
an ex tra  hydrogen bond classification criterion, giving an in teraction  as shown in figure
2.4. C learly th is model is only a  rough approxim ation, b u t even an approx im ate energy 
assignm ent tu rned  ou t to  be useful in analyses of hydrogen bonds - for exam ple, see the 
work of M ilner-W hite in the  analysis of the gam m a tu rn  in teraction  found in som e main 
chain conform ations [30].
2.2.5 Lennard-Jones p oten tia ls
L ennard-Jones po ten tials provide a  m ore realistic alternative to  geom etric or elec trosta tic  
m ethods. T he electrostatic  system  obviously has a problem  w ith th e  absence of a repulsive 
core on atom s, bu t also shows clear deviations from the  expected behaviour near to  the  
ideal hydrogen bond length, one of the  regions we w ant to  investigate in detail.
M any Lennard-Jones type poten tials are available, as these are the functional form s 
used in force fields for s tru c tu re  refinem ent and m olecular dynam ics program s, th e  m ost 
com m only used being A M B ER  [6], CHARM -M  [7] and G ROM OS [4]. T he basis for 
th e  non-bonded in teractions in these was a  series of studies by Lifson, Hagler and co- 
workers[21, 22, 23] who em pirically derived a force field based on the  observed s tru c tu re s  
and therm odynam ic properties of crystals of sm all organic molecules. L ater force fields 
include term s designed to  force the  energy calculations to  m atch the  observed s tru c tu re s  of 
proteins, som e containing specific directional hydrogen bonding term s, for exam ple. W hile 
th is is reasonable for a  force field which is to  be used for s tru c tu ra l determ ination , there  is a 
risk th a t  p roperties of proteins which are effects of constra in ts on p ro te in s’ conform ational 
space and hence po ten tial clues to  the  kinetics of folding m ay sim ply be m asked o u t as 
p a r t of th e  force field, so I have chosen to  use the original transferab le force field because 
it is closer to  verifiable caloric m easurem ents and has fewer assum ptions ab o u t hydrogen 
bond geom etry in proteins.
2.3 R esu lts: V isualising  possib le in teractions
Any po ten tial energy function can be in terp re ted  visually, b u t th e  ease w ith which it 
can be understood  depends on th e  num ber of dimensions required to  describe it and how 
in tu itive any dim ensionality-reducing constra in ts are. In particu lar, any approach which
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Figure 2.2: T subom ura M olecular O rbitals 
Tsubomura proposed that the short interm olecular distances seen in  hydrogen bonded 
system s were due to weak but genuine boiiding effects between the donor and acceptor 
system s. According to the molecular orbital approximation, any bonded system  can be 
seen as linear superpositions o f  single-atom  wave-functions, and fu rth er  any bonding 
system  can be seen as a superposition o f the residting m any-atom  w ave-functions, 
molecular orbitals. This figure shows the possible molecular orbitals fo r  the sim plest 
hydrogen bonding system , ranging from  the fu lly  bonding, non hydrogen bonded orbital 
with lowest energy to the fu lly  anti-bonding system s with higher energy. Hydrogen bonded 
system s actually exhibit a superposition o f the lowest three o f these molecular orbitals, 
but the overall energetic contribution o f true bonding is quite sm all - between 10 and 25%
fo r  system s such as proteins.
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Figure 2.3: Hydrogen Bonding Sites on the  Polypeptide 
The polypeptide backbone is a series o f hydrogen bond donor and acceptor sites. Each  
peptide has one N~H group which can act as a hydrogen bond donor, and one C = 0  group 
luhich can act as a hydrogen bond acceptor, the oxygen being the acceptor atom . The 
exceptions are the ends o f the strand, where N H t, C O f , or acetylated C  term in i provide 
even stronger donor and acceptor sites, and the residue proline, which has no N -H  group 
and hence cannot act as a hydrogen bond donor. The nom enclature is traditionally to 
num ber donor or acceptor atom s according to the am ino acid residue they belong to, with 
hydrogen bonds numbered from  the acceptor atom, so a hydrogen bond between a tom s A 
and  B in  the diagram is a 3-A-5, or i-^ i+ 2 , hydrogen bond, while one between A and  c  
would be a 3 ^ 2 ,  or i-A-i-1, hydrogen bond.
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Figure 2.4: E lec trosta tic  Hydrogen Bond Energy 
This graph shows the potential energy o f the system  N -H ...O = C  as a fu n c tio n  o f H .. .0  
distance assum ing the fo u r atom s to be co-linear and taking the partial charges used by 
Kabsch & Sander as described in the text. A t  short H .. .0  distances this fu n c tio n  is 
dom inated by the 1 /r^  H . . .0  attraction^ while at larger distances the effect o f  the two 
groups N -H  and 0 = C  being dipolar is to cause the attraction to tend to zero more quickly
than fo r  the simple H .. .0  case.
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F igure 2.5: L ennard-Jones P oten tia ls 
This graph shows the sam e co-linear N -H ...0 = C  system  as the previous figure, using the 
L e n n a r d - J o n e s  12-6-1 and 9-6-1 potentia ls o f L ifson  & Hagler as described in the text. 
The electrostatic part o f the potentia l is very sim ilar to that in the previous example, but 
the additional van der Waals and London forces which are included can be seen to 
effectively describe the repulsive short range behaviour too. N otice the way the N . . .0  
repulsion can be seen to push in to  the H . . .0  m in im um  in the 12-6-1 case. This strong  
repulsion needs to be countered by explicit hydrogen bonding term s in calculations based 
on this strength o f potential, but is less strong in 9-6-1 potentials.
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resu lts ill a one or two dim ensional po ten tial energy surface can be useful, especially if the 
constra in ts  applied are clear enough.
T he best way to  look a t  th e  in teractions involving polar groups in proteins is to  take 
one of th e  groups as reference and display the  poten tial energy of a typical hydrogen 
bonding p artn e r relative to  it. In th is way the  geom etric properties of a given poten tial 
energy can be shown. One exam ple is th e  0, ft conform ational space of a single residue in a 
polypeptide, first studied by R am achandran  [24], where the significant degrees of freedom  
can be clearly seen and th e  rest of the  system  assum ed to  be fixed by inflexible bonds. 
T his system  is looked a t  in detail in chap ter 3: here a more general case, w ith no assum ed 
bonding constra in ts  between th e  hydrogen bonding partners, is considered.
2.3.1 Interaction P lo ts
Two dim ensional in teraction  plots can be draw n if one of th e  p artn e rs  can be held fixed in 
a plane and each point relative to  it restric ted  to  a  single conform ation, whose po ten tial
energy can then  be p lotted . T he te s t donors and acceptors should fulfil these criteria:
•  they  should be neutra l. If there  is a  net charge, the subtle effects of the  elec trosta tic  
d istribu tions will be lost: th e  po ten tial energy will be overlaid w ith a  sim ple d istance 
dependent function. If the two units are neutra l, any non-zero energies will be a 
function of th e  geom etry of th e  in teraction  alone.
•  they  should have a  simple shape. If th e  probe is com posed of m any atom s, som e 
regions of the po ten tial energy surface m ay be stabilised th rough  con tac t in terac­
tions between p a rts  of the system  o ther th an  the  hydrogen bonding p artn e rs  under 
investigation (see for exam ple section 4.3 which explicitly looks a t  th is effect for 
peptides).
•  they  should be representative. W herever possible, realistic represen ta tions of polar 
groups should be chosen, and for exam ple partia l charges on any atom  likely to  have 
a directing effect on a  hydrogen bond should be included w herever possible.
T he obvious choice is th e  sim plest possible case, N-H as donor, peptide C —O as ac­
ceptor. N either of these is a  s tab le  species, bu t in the scheme of Lifson e t al, each is a net
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neu tra l ob ject. They have sim ply defined geom etries, and correspond to  the  m ost com m on 
donor and acceptor species in proteins, so m ake ideal probes.
One problem  which arises is the  num ber of degrees of freedom  of the  system . In th is 
case, th e  geom etry could be com pletely described by four param eters  - H ...0  d istance, 
N -H ...0  angle,, H ...O = C  angle, and (N -H ...O )= C  out-of-plane angle, b u t such a  four 
dim ensional d a tase t would be tim e consum ing to  calculate and very hard to  in te rp re t. 
Instead , it is best to  specify a sim pler subset of the  system  we wish to  consider. T he first 
sim plification is to  consider th e  cases where (NHOC) are all coplanar, which is likely to  
give rise to  th e  strongest in teractions. Secondly, it is w orth m aking a rough estim ate  th a t  
th e  hydrogen bonding po ten tial is s trongest when the  system  is linear, and considering 
only the  cases where the  N -H ...0  or H ..O = C  angles are 180". T his m akes it possible to  
investigate th e  poten tial energy in two two-dim ensional system s, one w here th e  N -H ...O  
atom s are co-linear and th e  H ...0  distance varied, another where th e  H ...O = C  atom s are 
co-linear and the  H ...0  distance varied. In figures 2.8 and 2.9 which show these results, 
you can consider the  group shown to  be held in place while the o ther group has a geom etry 
defined by
the position of the  donor (or acceptor) atom  of the free group relative to  th e  acceptor 
(or donor) atom  of th e  fixed group, which is the x,y position in th e  po ten tial energy 
field
th e  second atom  of th e  free group, which is placed along the line joining the  donor
and acceptor atom s, pointing away from  the  fixed group.
T he bond length is held constan t. T he system  is shown in figure 2.6.
2.3.2 2-D  representation  of geom etric hydrogen bond criteria
T he sim plest case to  apply th is type of display to  is the  set of geom etrical constra in ts  
based on observation of proteins [26]. These can be trea ted  as providing an all-or-nothing
■:
po ten tia l energy function. T he configurations classified as hydrogen bonds can be seen in 
figures 2.7 and 2.8.
T he in teresting featu re of these is th a t  the observed values of th e  N -H ...0  angle cover 
a  much sm aller range th an  th e  C = O ...H  angles. This featu re is a  te s t of any m odel of the
■7
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p o ten tia l holding together hydrogen bonding groups; the  ability to  reproduce th is  effect 
is im p o rtan t for any technique which is to  be used for analysing m ore com plex s tru c tu ra l 
in teractions, as la ter chapters do.
One fu rth e r effect which is seen is th a t  there is a tendency for hydrogen bonds to  
cluster around two positions which correspond roughly to  the  expected positions of centres 
of charge associated w ith th e  two lone pairs on the  carbonyl oxygen (see, for exam ple, 
Ippolito  at al [27]). This is no t a  s trong  effect, and it m ay be sim ply a sta tis tica l resu lt - 
since th e  po ten tial is wide enough to  accom m odate two hydrogen bonding p artn e rs , and 
those p artn ers  will be m utually  repulsive, they  will tend  to  bind a t  opposite sides of the 
po ten tia l m inim um . Judging  w hether trea tin g  the  charge as being concen trated  a t  two 
points for a m ore directional model as has been a ttem p ted  in some force fields is useful or 
not would require a  sensitive quan tum  mechanical trea tm en t of th e  single bond case.
2.3.3 E lectrostatic  2-D  interaction  p lots
As a next step , it is instructive to  investigate the properties of th e  Kabsch and Sander 
calculations as applied to  the  so rt of system  which will be stud ied  in dep th  using the  
m ore com plete Lennard-Jones poten tial. T he Kabsch and Sander calculation is widely 
referred to , as it is available in the DSSP fo rm at files for describing polypeptide backbone 
s tru c tu re  [20]. So w hat does it actually  do, and how does th is re la te  to  th e  m ore com plete 
calculation? F igure 2.8 shows th e  two-dim ensional form of th is poten tial.
T his m ethod calculates th e  e lectrostatic  com ponent of a hydrogen bond assum ing 
th a t  the  N-H and C = 0  groups are neu tra l overall w ith an uneven charge d istribu tion  as 
described in appendix  A. To investigate the  effectiveness of th is m odel, it is possible to  
exam ine th e  energy it calculates for a  wide range of geom etrical arrangem ents. Since the  
two groups are neu tra l overall, it is possible to  tre a t  them  as if they  were separa te  molecules 
in teracting  in vacuo, a reasonable assum ption if we agree only to  draw  conclusions from 
results a t  sho rt ranges where there  is no question of solvent molecules or o ther polar species 
intervening to  interfere w ith th e  in teraction .
T he results show quite neatly  the  benefits and disadvantages of th e  model. In the 
absence of a repulsive core, sh o rt range in teractions are possible w here overlap effects would 
have been expected to  prevent th e  atom s approaching each o ther. This is not a  problem  
in th e  exam ination of crystallographic coordinates, where these repulsions have already
2.3. Results: Visimlising possible interactions  39
been accounted for in th e  refinem ent procedure, bu t they m ean th a t  an exam ination 
of disallowed conform ations in m odel s tru c tu res  using th is technique is inappropria te .
A nother feature of th e  results is th a t  there  is no strong  d irectionality  predicted if the 
e lec trosta tic  energy alone controls th e  hydrogen bonding geom etry. T he m ost im p o rtan t 
factor determ ining the  po ten tial is th e  donor-acceptor distance, b u t in a real p rotein  the  
observed hydrogen bonds show quite  d istinct directional preferences which m ust be related 
to  th e  po ten tial energy.
2 .3 ,4  Lennard-Jones 2-D  interaction plots
Finally, figures 2.11 and 2.12 show th e  in teraction  plots for the Lennard-Jones 9-6-1 po ten ­
tial. Two im p o rtan t p roperties of these plots are the  realistic repulsive core, and th e  very 
close m atch of th e  shapes of th e  po tentials w ith the  geom etric rules which are based on 
observation of proteins. T he N -H ...0  po ten tial is narrow er th an  th e  C —0 ...H  po ten tial, as 
represented in th e  lower allowed range of N-H ...O  angles relative to  th e  range of C —O ...H  
angles. This is even th e  case in the  absence of d istinct sites for lone-pair electrons, which 
are norm ally invoked to  explain the wide range of C = O ...H  angles observed.
In addition to  providing a  repulsive core region as expected, notice th a t  th e  shapes 
m atch  the  em pirical geom etric constra in ts much more closely th an  the  sim ple e lectrostatic  
model. T his is due to  the  form  of the  Lennard-Jones param eters  - in particu la r the van 
der W aals radius of hydrogen is effectively zero, since in hydrogen bonded system s the 
acceptor atom  can come very close to  the hydrogen. Sufficient repulsion is provided by 
th e  hydrogen bond donor atom . N itrogen in th is case, th a t  the  ‘9 ’ and ‘6 ’ param eters  on 
H can be set to  zero. For the  fixed N-H case, th is m eans th a t  O close to  II b u t as far as 
possible from N is favoured, and hence a restric ted  range of N -H ...0  angles is seen. For 
th e  fixed C = 0  case, the repulsive core is m ore sym m etrical and a wider range of C —O ...H  
angles is allowed. T here is no repulsion in th is case between the  fixed group and the  
“probe” ob ject, th e  hydrogen of N-H, and since the constra in ts always have the  hydrogen 
pointing a t th e  oxygen, th e  po ten tial is dom inated by the electrostatics except w here the 
0 ...H  distances are sho rt enough for the  N ...0  repulsion to  take effect.
Clearly, th e  9-6-1 poten tial presented here is an adequate model of th e  hydrogen bond 
in proteins. T he shape of the energy m inim a for both  the fixed N -H  and fixed 0 = 0  cases is 
a close m atch for the  observed distribu tions, and the  po ten tial contains term s to  represent
Ii
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Figure 2.6: An Idealised G eom etry for Hydrogen Bonding 
The N -IL ..O = C  system  has 5 degrees o f freedom, so the potentia l energy surface cannot 
be visualised easily. However, by fixing the system  to be coplanar the degrees o f freedom  
are reduced to 3, and adding the fu rth er constraint that the angle H ...O = C  be fixed to 
18(T reduces the system  to 2 dim ensions, so a 2D potential energy surface can be drawn. 
Each poin t on the surface represents the position o f an oxygen atom  relative to a fixed  
N -H  group, with the C = 0  always pointing directly at the hydrogen in the system .
both  th e  d ipolar in teractions and the  van der W aals con tac t effects. T he calculation 
involved for each conform ation is quite simple, and m any different conform ations (or m any 
different in teractions in a single large system ) can be calculated in a reasonable tim e.
2.4  C onclusion: L ennard-Jones p oten tia ls are ad eq uate for 
exam in ing hydrogen bonds
T his chap ter has shown how th ere  are a range of different models of hydrogen bonds, each 
having its own problem s w ith either realism or calculation tim e. Exam ining the  properties 
of these different system s involves finding a  set of representative conform ations which show 
the  behaviour of the  po ten tials in different situations. Enforcing p lanarity  and providing 
angle constra in ts  seems to  be a  good way of getting  a  flavour of th e  various system s, and 
th e  results show th a t  a Lennard-Jones po ten tial of the type refined by Lifson & H agler [23] 
shows th e  correct geom etric properties, and is believed to  provide energies for hydrogen
2.4. Conclusion: Lennard-Jones potentia ls are adequate for exam ining hydrogen bonds
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Figure 2.7: Classical H-bonding Regions -  N-H fixed 
This figure shows a 2D interaction plot as shown in the previous figure, with fixed N-H  
and C = O .. .H  constrained to be linear The clear regions show the conformations which 
are classified as hydrogen bonds by the geometric criteria of Baker & Hubbard, the black 
region shows where the constraints would give N -H ...0  distances less than the van der 
Waals radius of Oxygen -f the van der Waals radius of Hydrogen.
Figure 2.8: Classical H-bonding Regions -  C = 0  fixed 
This figure shows the same 2D interaction plot as in figure 2.7, but with 0 = 0  fixed and 
O...H -N linear, again using the hydrogen bond criteria of Baker & Hubbard.
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Figure 2.9: Electrostatic Interaction Potentials -  N-H fixed 
2D interaction plots with fixed N-H and C = O ...H  linear. The potential energy has been 
calcidated using the electrostatic potential o f Kabsch & Sander. Energies are contoured at 
0.5 kcalmoD^ intervals, with a m in im um  o f -5 .0  kca lm o t^  and a m axim um  o f 5.0  
kca lm oE ^. The steep attractive core is apparent, but it is also clear that the potential
shows very lim ited directionality.
Figure 2.10: Electrostatic Interaction Potentials -  C = 0  fixed 
2D interaction plots, with C = 0  fixed and O ...H -N  linear, potentia l energy using the 
electrostatic potential o f  Kabsch & Sander. Energies are contoured at 0.5 kcalrnoE^ 
intervals, with a m in im um  o f -5 .0  kcalmoE^ and a m axim um  o f 5.0 kcalm oE^. This and  
the previous figure suggest that N -H ...0  and C = O ...H  angles could shoiv a very wide 
variation i f  electorstatics were the only significant part o f the potentia l energy function .
2.4. Conclusion: Lennard-Jones po ten tia ls  are adequate  for exam ining hydrogen bonds
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Figure 2.11: Lennard-,]ones Interaction Potentials -  N-H fixed 
This figure shows a 2D interaction plot with fixed N -H  and C = O ...H  constrained to be 
linear, the potential energy calculated using the L ifson & Hagler Lennard-Jones 9-6-1 
potential. Energies are contoured at 0.5 kcalmoE^ intervals, with a m axim um  o f 3.0  
kcalm oE ^. The m in im um  covers a sm all range o f N -H ...0  angle values, although there is 
no specific directing term  in the potential energy.
Figure 2.12: Lennard-Jones Interaction Potentials -  C = 0  fixed 
This figure shows the 2D in teraction plots, with C = 0  fixed and O ...H -N  linear. The 
potential energy has again been calculated using the L ifson & Hagler Lennard-Jones 9-6-1 
potential. Energies are contoured at 0.5 kcalmol~^ intervals, with a m axim um  o f 3.0  
kcalm oE ^. The m in im um  covers a wider range o f C = O ...H  angles than the fixed N -H
case.
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bonds which are acceptably close to  th e  actual values.
T he directional p roperties of the  hydrogen bond have been shown to  be adequately  
reproduced by th is simple functional form  based on pairwise additive poten tials. T his is 
im p o rtan t, because it m eans th a t we are now in a  position to  look for m ore com plicated 
shape based poten tials safe in th e  knowledge th a t  there  is no intrinsic reason why special 
featu res such as lone pair electrons need to  be taken into account. T his is not to  say th a t  
pairw ise poten tials are th e  only right way to  study  the forces in proteins, nor th a t  the 
results canno t be superseded by m ore e laborate  techniques, b u t given a problem  where 
th e  com plexity of th e  phase space is m ore th an  enough of a challenge, it is useful to  have 
a valid, sim ple function to  evaluate a t  each conform ation.
C h a p ter  3
G eom etry constraints and the  
tw ist o f th e (3 strand
3.1 In trodu ction
T he first question which arises from th e  adoption of a new way of analysing hydrogen 
bonds clearly has to  be “does it give any different results from existing m ethods?” . Here 
th e  system  is applied to  th e  sim plest possible geom etry of the  polypeptide backbone, and 
novel results are dem onstra ted  which help to  explain th e  tw ist observed on b e ta  sheets.
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In teraction  potentials based on two-atom  probes and fixed groups suggest a method o f in ter­
preting the conform ational energy o f two adjacent peptides as fo u r separate interactions.
A nalysis o f the fo u r  interactions shows that all solvent free calculations will necessar­
ily give the gam m a turn conform ation as the potential m in im um  fo r  dipeptide, but also 
that there is an asym m etry between the right and left twisted (3 strand conform ation as a 
consequence o f the high dipole o f the carbonyl group.
W hen tertiary hydrogen bonds are taken into account by a sim ple model which treats 
hydrogen bonding groups as fixed external constraints, the gam m a turn in teraction is desta­
bilised and the two peptide system  shows that there is an in trinsic  tendency o f the beta 
strand to tw ist even before side chain effects are included, partly a fu n c tio n  o f in tr in ­
sic electrostatics, partly a fu n c tio n  o f the external environm ent o f strands in solution or 
protein  cores.
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3.1.1 N on -op tim al hydrogen bond geom etries.
Hydrogen bonds based on e lectrostatic  models will always give th e  po ten tia l energy m in­
im um  where th e  dipoles are aligned end-to-end. However, o ther geom etries are possible, 
and som e tu rn  ou t to  be significant where o ther factors such as backbone bonding constrain  
th e  backbone. Identifying which of these is significant requires a t  least an approx im ate 
value for th e  energy in each conform ation, and m ethods for exam ining system s which may 
be ra re  or unobserved in proteins. To s ta r t  w ith, th e  simple N -H ...O = C  system  is likely 
to  be useful, although here we Impose a qu ite  different set of constra in ts  on the  system  to  
show th e  po ten tial energies of system s which are far from  ideal hydrogen bond geom etries.
3.1.2 A ntiparallel d ipoles
C an any system  which cannot be explained by electrostatics or hydrogen bonding geom e­
tries alone be b e tte r  understood  using th is slightly more com plex approach? T he  answer 
is yes, there  tu rn  ou t to  be a num ber of aspects of protein conform ation which can be 
investigated in this way.
T he first case to  consider is a purely electrostatic  in teraction  which canno t be described 
as a hydrogen bond b u t which is widely observed in chemical system s. T he donor and 
acceptor probes we are considering co n stitu te  pairs of charges d istribu ted  along an axis, 
and th is is of course th e  description of a  dipole. Dipoles can in te rac t in th e  classical 
‘hydrogen bonding’ sense, lined up end to  end w ith opposite charges near to  one ano ther, 
b u t they have ano ther significant stab le  conform ation: they  can line up side by side, w ith 
opposite charges adjacent, th e  antiparallel conûgm 'atïon.
T he figure 3.1 shows the po ten tial energy for our simple N -H ...O = C  system , bu t in th is 
case th e  H ...C = 0  angle, instead of being 180", is fixed a t 90". T hus the  values where the  
oxygen is a t  th e  bo tto m  of th e  plot represent the antiparallel conform ation, those w here 
it is in line w ith th e  N -H  axis represent an extrem e of th e  allowed hydrogen bonding 
geom etries, and those a t the  to p  of th e  plot represent parallel dipoles, where like charges 
are close to  each o ther and hence there  is net repulsion.
T here is clearly a favourable in teraction by th is model, b u t th e  geom etry is such 
th a t  a  typical geom etric hydrogen bond description would suggest no stabilising in terac­
tion. Including the  e lectrostatic  and steric forces shows th a t  the  conform ation is no t only
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Figure 3.1: Antiparallel Dipoles Represent a Stable Conformation 
This is a 2D interaction plot for the same system as figure 2.12, but with the angle 
O...H-N fixed at 9(T rather than 180°. This changes the nature of the interaction  
completely: where angle C = 0 . . .1 I  is linear, the interaction is weak, but where it is near 
90°, the C = 0  and N-H dipoles are antiparallel and a significant minimum is found. 
Where C = O .. .H  is n e a r -90° the dipoles are parallel and the interaction is destabilising.
favourable, but in principle accessible, so is worth looking for in proteins to see if it plays a 
role. The electrostatic model of Kabsch and Sander would have found the same favourable 
interaction, but would not have been able to suggest whether it was a short-range anomaly 
of the simple model or a possible configuration.
3.2 O bservations: B ackbone constrain ts on neighbouring
p ep tid es
Antiparallel dipoles may be allowed in proteins, but they are weaker than hydrogen bonds, 
and as a result will not be found stabilising systems which are free to make hydrogen 
bonds. They are only likely to be significant interactions in cases where there are strong 
constraints, for example those provided by bond angles in interacting systems which are 
close to each other along the polypeptide chain.
Since most possible hydrogen bonds are satisfied in proteins, any weaker interaction is 
either going to be a less significant or will only occur under special circumstances where
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o th er features prevent hydrogen bonding. T he m ost common co n stra in t on po ten tia l 
donors or acceptors is th a t  the  m ajo rity  of them  are p a r t of th e  polypeptide backbone.
T his m eans th a t  they are not free to  form  the  best possible hydrogen bonding geom etries, 
and also are held close to  their neighbours by bonds, and so have to  act in concert w ith 
th e  peptides nearby along th e  chain.
Such a system  is th e  set of in teractions between the atom s of ad jacen t peptides, those 
which share a  single alpha-carbon atom . Each peptide can be trea ted  as a set of two dipole 
units, one N -H  and one C = 0 ,  and th e  resu ltan t set of four possible in teraction  pairs can 
be exam ined. All of these in teractions could show stable end to  end or an tiparallel dipole 
effects, and all of them  are heavily constrained by the rigid bonds of th e  polypeptide back­
bone, held in close proxim ity to  each o ther w ith no real opportun ities to  m ake hydrogen 
bonds between them selves, as will be shown later. T he local e lectrostatics do m ake a 
significant contribu tion , in ways which can be related to  classical hydrogen bonds b u t are 
sub tly  different.
T he system  described below is th e  pair of peptide bonds on either side of th e  alpha- 
carbon of a single residue either in a  polypeptide or in the N-acetyl N ’-m ethyl alanine 
system  which is often used as a te s t of po ten tials and contrasted  w ith th e  R am achandran  
plot. T hus all th e  m ain chain atom s between the  alpha carbon of residue % — 1 and i I  
are included, where residue i is the  central am ino acid residue.
■s;
3.2.1 T he G am m a Turn conform ation
T he m ost significant in teraction in the ad jacent dipeptide system  is th e  one between the  
C = 0  of residue i — 1 and the  N -H  of residue th a t  is an i — i-j-2 hydrogen bond. This 
is th e  only one of th e  four in teractions which has enough free ro ta tio n  and a  wide enough 
separation  to  form  a  genuine hydrogen bond, and in this case the  possible hydrogen bond 
is actually  seen in proteins. It is known as the  gam m a turn  [29, 30], and is seen m ostly  a t 
th e  ends of b e ta  s tran d s  in proteins w ith extensive b e ta  sheets, a lthough it is not com m on.
; ■:Its  ra rity  is m ysterious when the  ease w ith which it can be formed is considered - only a 
single am ino acid residue has its conform ation fixed by th is in teraction , com pared w ith the 
four required to  m ake a  single a lpha helical hydrogen bond, so it should be entropically  
favoured.
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3.2.2 C arbonyl to  carbonyl interactions
Looking a t  d ipolar in teractions does no t restric t us to  looking a t possible hydrogen bonding 
system s. Any dipole can adop t th e  antiparallel configuration to  minimise its po ten tial 
energy, and th e  m ost significant dipole in a peptide is th a t  of th e  am ide carbonyl group. 
T he two carbonyl groups in ad jacen t peptides, those of residues i — 1 and i, can try  to  
line up in th is way, or even to  try  to  form  an end-to-end alignm ent. T here are only th ree  
bonds between the  tw o carbon atom s, though, and th is would be expected to  provide a 
stro n g  constra in t on how close to  th e  optim al configuration th e  system  can get.
3 .2 .3  O ther sym m etry  related  interactions
Since th e  peptide is being trea ted  as two polar units, there are four possible in teractions 
between a pair of peptides. T he o ther two in teractions can also be trea ted  separately.
T he first is th e  C 5 in teraction  which has been studied in som e detail by B enedetti and 
Toniolo [28]. This is th e  in teraction  which is predicted to  occur between the N-H and C = 0  
groups of a single am ino acid residue, th e  nearest pair on ad jacen t peptides. T he groups 
canno t form  a hydrogen bond, b u t m ay be expected to  form a  dipolar in teraction  providing 
strongest stab ilisa tion  when th e  H -N -C ^-C = 0  five-membered ring s tru c tu re  (hence C 5 )  is 
p lanar.
Finally, there  is one o ther possible in teraction, closely related to  th e  carbony 1-carbonyl 
in teraction . T he two N-H groups each have an effective dipole, and thus they can in teract 
in exactly th e  sam e way as th e  carbonyl groups m ight be expected to. In fact, in a sense 
they  form  the  exact com plem ent of th e  carbonyl-carbonyl in teraction: sw apping C —O for 
N-H in glycine residues is equivalent to  swapping 4> for — 1/). If th e  two in teractions had 
th e  sam e po ten tial energy profiles, then  these two groups would provide po ten tia l energies 
which would be sym m etric abou t the  line 4> =  —'ij) on the R am achandran  plot.
3.3 M ethods: M easuring th e  relative stab ility  o f  stab ilising  
in teractions.
A survey of th e  observed p h i/p si d istribu tion  in known protein s tru c tu re s  shows th a t  
there  are significant regions of th e  backbone p aram eter space which are rarely adopted
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Figure 3.2: The Gamma Turn Interaction 
As described in the text, a peptide can be approximated by a pair of dipoles. For the 
“glycyl dipeptide^ this means that there are four interactions to consider: the most 
significant is shown here, the C = 0 ,_ i interaction. This can have hydrogen
bonding character, and conformations stabilised by this i -^ i+ 2  hydrogen bond are known 
as “gamma turns” when seen in proteins. For the central resiude (f) =  —90°, if =  90°.
• H
Figure 3.3: The Carbonyl-Carbonyl Interaction 
The carbonyl group has the largest dipole of the two units, so the C = 0 ,_ i —^ C=Oi 
interaction would be expected to be significant. There are only three bonds seperating the 
two groups, so the freedom of these dipoles to line up favourably is severely constrained. 
The conformation shown, 4> =  —90°, V’ =  120° is alloived.
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Figure 3.4: The C5 Interaction 
The most strongly constrained interaction in the dipeptide is the N-Hi —^ 0 = 0 ,  
interaction. In fact, the only free parameter here is the H . . .0  distance, so the potential 
energy is effectively monopolar rather than dipolar. The H . . .0  distance is shortest in the
conformation shown, with (f> =  if =  180°.
Figure 3.5: The N-H...N-H Interaction 
If the charge and bulk of the N-H groups were the same as those of the carbonyl groups, 
the N-IIi — woul d just be a symmetry-related form of C = O i- \  —^ € = 0 , .  Shown 
here is <f =  —120°, i f  =  90°, the equivalent of figure 3 .3 .  In fact, the hydrogen atom is 
smaller and has a lower charge magnitude than oxygen, so there is an asymmetry,
discussed in the results section.
-
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by any residues. This m eans th a t  as an analytic tool, s tru c tu ra l d a ta  is a t  best incom ­
plete. In addition, th is plot shows th e  cum ulative effects of m any different contribu tions 
to  polypeptide stabilisation, including local interactions, secondary s tru c tu re  stabilising 
in teractions, te rtia ry  m ainchain in teractions, sidechain in teractions, solvent and su b s tra te  
effects, and hydrophobic effects. In m any cases the  num ber of ex ternal constra in ts  to  
th e  backbone conform ation are such th a t  unfavourable regions of th e  p h i/p si space are 
adopted  by residues, which show bond lengthening and bond angle d isto rtions to  accom ­
m odate  these unfavourable conform ations. These effects combine to  m ean th a t  th e  ph i/p si 
plot, and associated energies, taken  from  coordinates in real proteins are not directly  useful 
in the  analysis of the  in teractions of neighbouring residues because coverage of th e  avail­
able phase space is patchy, incom plete and inconsistent. W h a t we are ac tually  in terested  
in here is th e  full p h i/p si plot w ithou t relaxation effects, and th e  ap p ropria te  technique 
to  use is therefore m olecular modelling.
I t  is sim ple enough to  generate  coordinate sets for a d ipeptide w ith only tw o free 
s tru c tu ra l param eters. T he coordinates of the first peptide are fixed, and the plane defined 
by these atom s and its norm al define th e  basis space in which th e  coordinates for the 
second peptide can be generated: th e  full algorithm  is presented in appendix  A. Since 
we are in terested  here in th e  local peptide-peptide in teractions, it is possible to  leave out 
the  positions of hydrogen atom s and sidechains. C " atom s are not included in th e  energy 
calculations bu t are required as p a r t of the  coordinate generation.
Once th e  coordinates have been generated , it is a  simple m a tte r  to  calculate th e  en­
ergy, since the  po ten tial form  used is only dependent on th e  d istances between pairs of 
in teracting  atom s. T he coordinates can be generated for p h i/p si values covering th e  whole 
range from  -180° to  180°. T he results are very high energies - typically  several thousand  
kcalmol"^ - because Lennard-Jones poten tials are not stric tly  valid for species which are 
actually  bonded to  each o ther. F ortunately , it tu rn s  ou t th a t  overall shape of th e  po ten ­
tials is still m eaningful, and th e  energies can be in terpreted  if they  are taken  relative to  the  
lowest energy found for th e  system  - so th e  lowest energy found can sim ply be su b trac ted  
from  all the  energies found, which is reasonable so long as a  conform ation near to  the  
lowest energy conform ation has been sam pled.
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3.4  R esu lts: Four in teractions w hich affect p o lyp ep tid e  con­
form ation
T he results presented in this section show th a t  this technique works very well, providing 
a  detailed breakdow n of the forces between pairs of neighbouring peptides, and also iden­
tifying a  num ber of surprising features, one w ith im plications for te rtia ry  s tru c tu re  effects 
which are dealt w ith in the following section and another which provides new insight into 
as well known b u t poorly explained featu re of protein stru c tu re , th e  observed ubiquitous 
righ t-handed  tw ist on b e ta  s tran d s  and sheets.
T he results here have been calculated w ithou t inclusion of side chain atom s, so in 
each case there  is ro ta tion  sym m etry  abou t =: 0°, if — 0°, and each m inim um  is present h
twice. T his m eans th a t  they  approxim ate th e  potentials for a glycine based polypeptide.
A prelim inary generalisation to  o ther am ino acid residues would be sim ply to  look a t
th e  m inim a which fall in th e  to p  left q u ad ran t of the p h i/p si plots, since th a t  region is g
least d isrupted  by side chain effects. W hen I refer to  the m inim um  of these plots, th e  one
accessible for L-am ino acids w ith will be the  one of in terest. Side chains are not included to
allow th e  intrinsic dynam ics of the  polypeptide backbone to  be studied , to  help distinguish
side chain effects from  the  core n a tu re  of the polypeptide. f
-T
3.4.1 T he G am m a Turn conform ation
Figure 3.6 shows th e  po ten tia l energy calculated for the  gam m a tu rn  in teraction , which 
is th e  strongest of the  four in teractions, as we will see. T he in teraction  is sym m etric, and 
quite  easy to  in terp re t.
' h':T he m inim um  for th is in teraction  m ight be expected to  lie where the  two peptides are 
coplanar w ith the hydrogen bonding H and O as close to  each o ther as possible. T his would "k;
form  a seven-m em bered ring stru c tu re , which should be relatively stab le  (see, for exam ple,
" -hchap te r 7, which discusses hydrogen bonded rings in m ore detail). T he calculations show h
th a t  th is s tru c tu re  is impossible; because all of th e  bond angles in the system  are close 
to  120°, only a  six-m em bered ring could be accom m odated in th e  available space. T he 
(f = = 0° s tru c tu re  is destabilised by th e  repulsion between th e  carbonyl oxygen of
residue i — 1 and th e  am ide nitrogen of residue i - f  1 . (There is no steric repulsion between 
the  carbonyl oxygen and the  am ide hydrogen since the  effective van der W aals radius of
I
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hydrogen bonding hydrogens is zero.)
T he region where th e  dipole in teractions can be strongest while still accom m odating 
th is  repulsion is around (f) =  -9 0 ° , if =  90° (and cf =  90°, if =  -9 0 °  for glycine residues). 
T his is reassuring, since it corresponds exactly to  the  beta-p leated  sheet s tru c tu re  of 
Pauling and Corey [2] which was predicted as the m ost stab le  b e ta  s tran d  s tru c tu re  - 
their crucial insight being th a t  the  extended conform ation, (f = lSO°,if =  180°, would 
not provide an ideal hydrogen bonding geom etry. In fact, p leating is observed in all 
b e ta  sheets, although not to  th e  ex ten t predicted either by Pauling and Corey or by th is 
po ten tia l energy calculation.
O th er studies of the  in teractions between two neighbouring peptides focus on full 
im plem entations of the various force fields used for s tru c tu ra l studies of biomolecules, 
and usually consist of a calculation of the  poten tial energy of the  R am achandran  plot for 
N -acetyl-N ’-m ethyl glycylam ide (or alanylam ide). These calculations have not previously 
been broken down into their com ponent p arts , bu t it is still possible to  identify in each 
case th a t  th e  predicted m inim um  is near <f =  —9O°,'0 =  90°; in o ther words, w hatever 
th e  force field th e  conform ation of the alanyl dipeptide is dom inated  by th e  gam m a tu rn  
in teraction . T his is curious, because th e  gam m a tu rn  conform ation is actually  quite  rare 
in proteins (see for exam ple th e  review of M ilner-W hite [30]). T here m ust be som e o ther 
effect in globular proteins which m asks th is in teraction. A likely explanation is provided 
in section 3.5.
3.4 .2  C arbonyl to  carbonyl interactions
Figure 3.7 shows the plot for th e  C = 0 . . .C = 0  in teraction . T he m inim um  lies well above 
and to  the  right of the  diagonal line <f = —if, such th a t  it favours a /5-strand w ith a 
righ t-handed  tw ist. In th is conform ation the  two carbonyl groups are not far from  being 
antiparalle l, and the close m atch of th is po ten tial energy contribu tion  for th e  observed 
conform ations of b e ta  sheet residues is very suggestive. T he m inim um  is no t as pronounced 
as th a t  for the  gam m a tu rn  in teraction , bu t if as seems likely the  gam m a tu rn  is forbidden 
by te rtia ry  s tru c tu re  effect, then th e  carbonyl-carbonyl in teraction  may well be th e  m ost 
significant stabilising effect between ad jacent peptides, and as a result the  tw ist on the  b e ta  
s tran d  may well an intrinsic p roperty  ra th e r th an  a  s ta tis tica l effect or one guided only 
by side chain crowding as has previously been proposed [31, 32]. It is w orth  rem em bering
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th a t  previous descriptions of the forces stabilising th e  polypeptide have alm ost exclusively 
focused on in teractions which could be classed as hydrogen bonds. Here is a  case where 
th ere  is a  very significant in teraction , quite clear to  see, which is purely e lec trosta tic  in
n a tu re . f
■ - f
3.4 .3  O ther sym m etry  related  interactions
Figure 3.8 shows th e  C 5 in teraction . It is hard to  justify  a study  of th is in teraction  
using a non-bonded po ten tial, since the  species involved are clearly in teracting  th rough 
bonds, b u t it is still possible to  get a quick in terp re ta tion  of the relative im portance of 
th is  in teraction  as com pared to  th e  o ther three. It has been shown to  be significant in a 
num ber of sterically restric ted  polypeptides using doubly C “ su b stitu ted  am ino acids [28], 
b u t here it can be seen th a t  in th e  absence of such constra in ts, the in teraction  displays only 
a shallow m inim um  at <f =  180°, if  =  180°, where th e  C 5 atom s are in a flat hve-m em bered 
ring s tru c tu re . T he bonding constra in ts m ean th a t  the  in teraction  canno t get close to  
an ideal hydrogen bond, so th is in teraction has very little  directing effect on polypeptide 
conform ation.
T he tw isting  effect of th e  carbonyl/ carbonyl in teraction  would be exactly  cancelled by 
th e  N -H ...N -H  in teraction if th e  9-6-1 param eters for the  two types of group were identical.
However, there  are two significant differences. T he first is th a t  th e  am ide hydrogen has 
zero effective van der W aals radius, and so there  is no strong  repulsive core region for th e  
in teraction  as there is for th e  carbonyl in teraction. This m eans th a t  th e  po ten tial energy 
profile is much fla tte r, and no sharp  m inim um  is provided to  d is to rt the  overall energy 
profile of the p h i/p si plot. T he second is th a t  the partia l charges on the N -H  group are 
much lower, and as a  result th e  in teraction  is much weaker. T his has a very significant 
effect on breaking of th e  in tu itive sym m etry  abou t (f = - i f . T he shape of th is po ten tial 
is shown in figure 3.9.
3.5 M eth od s ii. Tertiary hydrogen bonding effects on  th e  
d ip ep tid e p o ten tia l
Since the  gam m a tu rn  is such a strong  in teraction , dom inating the  R am achandran  plot 
for the  d ipeptide in every set of calculations of its poten tial energy (including those using
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Figure 3.6: Energy of the Gamma Turn Conformation 
This shows the value of H  — Hmin for (C =0)i. . i (N -H )i^ i  as a function of <f and if for the 
glycyl dipeptide. Note the clear, strong minimum around the <f =  —90°, V’ =  90° region, 
(and the sym m etry related form at (f =  90°, if =  —90°/ where a hydrogen bond is made. 
In this and all subsequent figures sidechains are deliberately not considered as discussed in 
the text. The effect of adding them would be to exclude conformations inhere cf >  7r/ 3  and 
if <  —7r /3 ; leaving them off allows properties inherent in the main chain to be studied.
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Figure 3.7; Energy of the Carbonyi-Carbonyl Interaction.
This shows a striking and somewhat unexpected result. The ( C = 0 ) i - i ( C = 0 ) i  interaction 
has a clear minimum above the line (j> =  —if, in the region of right-twisted beta sheets 
and polyproline helices. This is a significant interaction, and depending on its strength 
relative to the other three cases could exert a considerable directing effect on all extended
strand conformations.
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Figure 3.8: Energy of the C5 Conformation 
A s expected, this interaction shows a minimum at (f =  if =  180° where the H...O  distance 
is shortest. Notice that, since the effective van der Waals radius of hydrogen is zero in 
the force field used, there is no strong repulsive core in this interaction.
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Figure 3.9; Energy of the N-H...N-H Interaction.
A s discussed, this interaction is significant because it is not a sym m etry related form of 
figS. 7. The altered charges and atom sizes conspire to make a quite different potential 
energy contour - with a minimum not as deep or as sharp as for the C = 0 .. .C = 0  case. 
In this force field, the traditional “neck region” exclusion (if 0°/ is not present, as this 
is ascribed to H ...N  collisions, not possible with this force field.
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Figure 3.10: Conformational Energy of the Glycyl Dipeptide.
This shows the result of a simple linear addition of the results in figures 3.6 to 3.9. At  
first appearance, the results are dissapointing: the interaction is dominated by the gamma 
turn hydrogen bond, and any asymmetry due to the C = 0 . . . C = 0  interaction is masked by 
this effect. Compare this result with the next figure: clearly something is lacking from. 
this model. Notice that although accessible, the alpha helical region (f =  —60°, if =  —40°
is a saddle point, not a local minimum.
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Figure 3.11: Observed (f , i f  values.
T his figure shows backbone torsion angles taken from  10 high resolution proteins in the 
P rotein  Data Bank, including glycine. Contrast this with figure 3.10: in  particular, 
notice that the real values are excluded from  region o f the gam m a turn apart from  a sm all 
cluster o f single residues at the centre o f that region.
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the  force fields adopted  here), it seems stran g e  th a t th e  observed p h i/p si d istribu tion  
shows no m arked concentration a t th e  gam m a tu rn  region. Is it possible th a t  simple 
force fields are missing som e significant interaction? It would seem not. Even though  the  
(C=0)j_i(C“ 0)i in teraction  seems to  be significant and m ay give rise to  a local energy 
m inim um  in a different region, th ere  is thus far nothing to  suggest th a t  it is anyth ing  
o th er th an  a secondary in teraction , and reviews of all com m only used force fields agree 
th a t  th e  gam m a tu rn  is the  m ost stab le conform ation for the  dipeptide. T here m ust be 
some external constra in t present in proteins which displaces the gam m a tu rn .
Clues to  th e  n a tu re  of th is constra in t can be identified in several previous works. 
F irs t, th e  observation th a t  70-80% of all possible hydrogen bonding sites are satisfied in 
proteins is crucial. In regions where the protein is in an extended conform ation, it will 
be hydrogen bonded to  a d is tan t p a r t of the  protein, th e  su b s tra te , or w ater molecules. 
Second, when gam m a tu rn s  are found in proteins they tend  to  be in characteristic  positions, 
m ost frequently  a t  th e  ends of b e ta  strands. This is a situation  where the  hydrogen bonds 
tend  to  become frayed and donor-acceptor lengths are longer th an  elsewhere. T his suggests 
th a t  typical hydrogen bonds in some way interfere w ith gam m a tu rn  conform ations, and 
the  gam m a conform ation is only stab le  where the residues involved canno t m ake any o ther 
hydrogen bonds.
This suggests a  simple te s t which can be carried out. If we assum e th a t  each of the  
peptides in our d ipeptide system  has its full hydrogen bonding po ten tial m et, we can 
m ake a reasonable guess as to  where th e  atom s from the  ex ternal bonding source lie 
by assum ing linear hydrogen bonds w ith optim al geom etries. T he R am achandran  plot 
can th en  be redrawm w ith these new atom s included and the effects of te rtia ry  hydrogen 
bonding seen.
T he models were constructed  as shown in figure 3.12. One bulky atom  was added to  
represent th e  hydrogen bonding p artn e rs  of each of the  four sites in th e  dipeptide. For the  
hydrogen atom s, the  p artn e rs  were trea ted  as w ater or carbonyl oxygen atom s, and placed 
1.0 A ngstrom  away along th e  lines defined by th e  N-H bonds. For the  oxygen atom s of 
th e  d ipeptide th e  p artn e r should be a  hydrogen atom , bu t th e  force held in use assigns 
hydrogen a radius of zero. To model th e  blocking group, th e  hydrogen bond donor atom  
was used instead. To simplify th e  system , th e  sam e oxygen p aram eters  were used: the 
p artn e r atom s were placed 1.6 A ngstrom s along the direction of th e  C = 0  bond. In each
3.6. R esults il. Partner-blocked conform ations  63
■I
Figure 3.12: Tertiary Bonding Partners for the Dipeptide.
This shows the dipeptide with virtual tertiary structure, placed to mimic perfect hydrogen 
bonding surroundings as discussed in the text. The conformation here is a twisted, 
extended beta strand. In the beta-pleated (gamma turn) conformation the partner of
NHi^i would clash with O i- \ .
partner atoms.
The system can be interpreted in a number of ways, either as a fully solvated strand 
of an unfolded protein or a strand buried in a folded protein with hydrogen bond partners 
provided by other strands or sidechains. To concentrate on the properties of the strand 
under investigation, and to allow for the cases where one pair of partners, donor and 
acceptor, actually correspond to a single water molecule acting as both species, collisions 
between the partner atoms were not considered. This means that any changes seen in the 
potential energy were down to collisions between partner atoms and parts of the dipeptide.
3.6 R esu lts ii. P artner-b locked  conform ations
Figure 3.13 shows the simplest version of this system which can account for the absence 
of the gamma turn. Ignoring the charge on the hydrogen bond acceptor (and indeed 
it turns out that any atoms other than that acceptor can safely be ignored), the steric 
blocking of the non-bonded atom can be seen to interfere with the gamma turn sufficiently 
to completely prevent it in this type of system.
i
I:;
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to  com pletely prevent it in th is type  of system .
Once the  effect is seen, it can be easily in terpreted . Clearly, the  gam m a tu rn  arises 
when th e  carbonyl oxygen of residue i-1 is near to  the am ide hydrogen of residue i+1  as 
discussed before. W hen th e  am ide hydrogen is already hydrogen bonded to  ano th er atom  
(usually oxygen), th e  rem ote atom  fills th e  site where the bond to  0 ;_ i  would norm ally 
be. T he gam m a tu rn  is easily displaced wherever any o ther hydrogen bonding cand ida te  is 
found: figure 3.10 gives th e  gam m a tu rn  region less th an  0.5 kcal/m ol stab ilisation relative 
to  th e  o ther s tran d  conform ations, while a secondary or te rtia ry  s tru c tu re  hydrogen bond 
is given an energy of around -5 kcal/m ol if the  geom etry is acceptable. This has g rea t 
significance when considering th e  im portance of the carbonyl-carbonyl in teraction , because 
th e  dom inating  effect of th e  gam m a tu rn  is removed and th e  rem aining accessible regions 
of th e  conform ational space are dom inated by th e  carbonyl in teraction . It also shows a 
general principle in the in te rp re ta tio n  of forces in proteins, th a t  p rotein  s tru c tu re  is rarely 
defined as a  local m inim um  of a sim ple system  b u t ra th er by a set of choices between 
a  range of secondary and te rtia ry  stabilisations, balanced by sta tis tica l and th e  entropie 
effects of exclusion.
3.7  C onclusions. B e ta  Sheet tw ist is enhanced  by e lectro ­
sta tic  effects.
T he analysis in th is chap ter suggests th a t  there  are two significant and easily represented 
effects which com bine to  favour th e  intrinsic right handed tw ist of b e ta  s tran d s  and hence 
of b e ta  sheets. P revious studies have concluded th a t  a  com bination of entropie effects and 
side chain packing in teractions provide the  main source of th e  tw ist. T he possibility of its 
being an intrinsic s tran d  p roperty  has been ignored, due partly  to  th e  m isconception th a t  
th e  peptide-peptide in teraction  is approxim ately sym m etric abou t f  — —i f .
In fact, there  is considerable asym m etry  induced by th e  carbonyl dipole which favours 
increased tw ist, and when the dom inant gam m a tu rn  in teraction  is excluded (as it m ust be 
in m ost cases where the  main chain has hydrogen bonds to  solvent, o ther chain segm ents, 
or sidechains) then  the  tw isted  s tran d  becomes the  minimum energy conform ation.
A sim ple model of solvation or te rtia ry  bonding has been shown to  have considerable 
use as a s tru c tu ra l tool. One possible avenue for fu rther investigation would be to  ex-
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Figure 3.13: Conformational Energy of Tertiary-bonded Dipeptide.
Usiîig the tertiary bonding partners shown in fig3.12, with no charge but the steric  
parameters of secondary nitrogen, the gamma turn region is completely excluded. Now  
compare the shape of the minimum with fig3.11 -  the contour from (f> =  —120°, ^ =  60° 
to (j) =  —60°, if =  90° is an almost perfect match for the real data points. It is now 
possible to see the asymmetry introduced by the carbonyl-carbonyl interaction: the results 
suggest a spontaneous twist in the observed direction not only for  <f) < —tt/3,'0 > tt/3 but 
even for cf > n / 3 , i f  <  —tt/3, a glycine-only region.
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tend  th e  realism  of th is ex ternal binding model, perhaps even develop a m ean held w ith 
com bined continuum  and discrete properties as a tool for assessing th e  solvation energy 
of m odel s tru c tu res  (which could also be used in su b stra te  binding studies or even long 
tim escale m olecular dynam ics, where w ater in teractions are often the  dom inant calculation 
even in studies of sm all p ro te in s).
3.7.1 S ituations of gam m a turns in proteins
Since th e  gam m a tu rn  is predicted as th e  energetic minim um  for th e  b e ta  s tran d  yet is 
rarely  seen, its observed p a tte rn  of occurrence m ust explicable, and the  suggestion th a t  
it is excluded by secondary and te rtia ry  hydrogen bond effects should be su pported  by 
evidence from real proteins.
A survey of gam m a tu rn s  in proteins classifying them  as “stro n g ” (those w ith E<1.0kcalm ol"^) 
or weak (E >1.0kcalm ol“ )^ shows a  significant set of d istribu tion  preferences which cor­
ro b o ra te  th e  suggestions m ade here.
Extended sets of gam m a tu rn s  ( “com pound gam m a tu rn s” ) are seen, bu t only very 
rarely and then  only of th e  weak kind. An extended s tran d  is alm ost always righ t tw isted  
and p a r t of a sheets hydrogen bonding netw ork, never a “pure” com pound gam m a tu rn  
stabilised only by th is in teraction.
Am ong strong  gam m a tu rn s  (which are nearly always isolated), fully 68% occur a t 
th e  N or C term ini of s tran d s or helices, w ith s tran d  term ini roughly tw ice as com m on as 
helix term ini. T his is consistent w ith their only occurring where o th er significant stabilising 
in teractions force a  section of the polypeptide backbone to  do w ithou t ex ternal hydrogen 
bonds, allowing the  intrinsic m inim um  of th e  backbone to  be adopted .
3.7 .2  Increased tw ist pred icted , and observed, in proline rich strands
In order to  te s t th e  effect of th e  carbonyl-carbonyl in teraction  and its significance for 
the  polypeptide backbone, it would be useful to  remove one or o ther of the in teractions 
in the  polypeptide chain and see th e  effects on protein s tru c tu re . T here is of course one 
residue which does this, proline. Since there is one am ide N -H  group m issing in backbones 
including proline, the  d irecting (and hence tw isting) effect of th e  carbonyl in teraction  is 
predicted to  be considerably stronger. It has frequently been observed th a t  proline residues
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ad o p t left-handed helical conform ations corresponding to  to  the p a r t of the  b e ta  region 
occupied by th e  collagen trip le helix.
Proline is constrained to  adop t 4> values around 60° by its side-chain, which confuses 
th e  issue a little  by requiring th a t  residue to  have a left-handed helical conform ation 
when in extended structu res. However, a review of regions including proline (not ju s t the  
proline residues them selves) [33] has shown th a t  residues around th e  proline residue also 
show increased tw ist as predicted. In particu lar, residue i — 1, where i is proline, has no 
N -H ...N -H  in teraction , and also canno t m ake a gam m a tu rn  type in teraction . As a  result 
th is residue would be expected to  show a strong  left-handed tw ist guided by th e  rem aining 
stro n g  in teraction , the  carbonyl-carbonyl in teraction , and th is is indeed observed. It is 
in teresting  th a t  sh o rt proline rich regions w ith a  tw isted s tran d  conform ation are frequently 
seen in proteins, and th is work suggests th a t  inclusion of proline in a  region of a  protein 
has a  very strong  directing effect on th e  conform ation th a t  region will adopt.
T he polyproline conform ation encourages external hydrogen bonding by exposing the  
s tran d  hydrogen bond donor and acceptor sites optimally, bu t th e  presence of proline 
m eans it is not favoured as p a r t of a  b e ta  sheet because of th e  missing hydrogen bonds: 
hence a proline rich region is solubilised, as w ater can provide the  necessary hydrogen 
bonds w ithou t sacrificing any of the  hydrogen bonding poten tial of th e  protein.
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Figure 3.14: A Right-Twisted Beta Strand.
This figure shows the most commonly observed conformation for the beta strand, slightly 
twisted in a right-handed sense (clockwise looking along the backbone from N ’ to C ’). See 
the figures in chapter 8 for the effect of extending this twist to whole sheets.
(j> =  —90°, if =  130°. The white lines are simply guides to show the sense of the twist.
Figure 3.15: A Pleated “Gamma turn” Strand.
This shows the minimum energy extended structure for the polypeptide chain in the 
absence of solvent or tertiary structure. Only very short (typically 1-2 residue) stretches 
of this conformation are ever seen in proteins, (f =  —90°, if =  70°. White lines are 
simply guidelines, red lines are hydrogen bonds fidfilling the Baker & Hubbard criteria.
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Figure 3.16: A Polyproline type II helix.
The backbone of a polyproline type II helix, T138/P139/D 140, from Cytochrome c 
peroxidase. The twist on strands involving proline is enhanced by the C = 0 . . . C = 0  
interaction. For Pro,, residue i-1 has no gamma turn interaction while i has no 
N-II/N-H interaction. Both of these effects are twist-enhancing.
C h a p ter  4
H ydrogen B onding G eom etries for 
P eptides and Polar Sidechains
Extending interaction plots to all polar sidechains shows that the simple atom -centred  
potentia l is adequate to explain observed hydrogen bonding geom etries in nearly all cases.
B oth donor and acceptor groups can be modelled as two atom  probes, and constraining them  
to always be coplanar with the sidechain groups and always poin t at the approximate centre 
o f charge gives potentia l energy contours which closely m atch the observed distribution o f 
hydrogen bonding partners fo r  each sidechain.
The approach is particularly successful in  the cases o f arginine, where the predom inance  
o f three centres fo r  hydrogen bonding is shown to he a simple consequence o f the charge 
distribution o f a ry^, histidine, where the hydrogen bond acceptor geom etry is correct w ith­
out extra directional constraints again as a consequence o f the charge distribution alone, 
and asparagine and glutam ine, where the high acidity o f the an ti hydrogen is shown to be 
a consequence o f the carbonyl dipole.
The m ain  failure identified is in carboxylate sidechains and to a lesser exten t the hy­
drogen bond acceptor activity o f asn and gin, where the absence o f explicit lone pair charge 
centres m eans that the two centres o f hydrogen bonding around each carbonyl oxygen be­
come a single broad region.
For m ain  chain peptides, the charge distribution gives rise to a dipole correction to the 
sim ple hydrogen bonding geometry, which has been measured as an angle y  describing the 
in-plane deviation from  ideal hydrogen bonding geometry. Using a peptide as a probe and as
I
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fixed group in  interaction plots allows the observed value o f gam m a fo r  pam llel sheets,
%antiparallel sheets and helices to be explained as a consequence o f sim ple electrostatics.
4.1 In troduction
A picture of hydrogen bonding as e lectrostatic  in teractions between polar residues, and a 
m ethod of estim ating  their energy for any given geom etry, allows us to  look a t the  detailed 
behaviour of polar residues in proteins. In addition to  the polypeptide backbone, which 
will be studied separately  in some depth , m any amino acid side chains are polar and have 
strong  tendencies to  form hydrogen bonds, som etim es w ith w ater molecules b u t largely 
w ithin th e  body of the  protein.
T he hydrogen bonding residues are cysteine, histidine, asparagine, g lu tam ine, serine, 
th reonine and tyrosine, which can ac t as donors or acceptors, a sp a rta te  and g lu a tam te  
which are only acceptors a t cellular pH, and lysine, arginine and try p to p h an , which act 
as donors only. Some hydrophobic residues have significant local charge densities, and 
arom atic  residues display in teresting electronic in teractions involving their pi orb itals, but 
these are ou tw ith  th e  scope of th is work. Here we will only consider polar in teractions
which closely follow the  classical model of th e  hydrogen bond or have significant effects f
g:on hydrogen bonded structu res.
T he first question to  be addressed is, “w hat is th e  preferred hydrogen bonding geom etry 
for the  binding sites of th e  sidechains of these residues?” This is quite a  hard  problem  to  
address even for a simple electrostatic  or com bined elec trosta tic /L ennard -Jones poten tial.
T he problem  is, even w ith th e  constra in ts imposed by th e  polypeptide backbone and bonds 
holding the  sidechain in place, any of th e  possible d o nor/accep to r pairs may be found in 
proteins, in nearly any conform ation. Some a ttem p ts  have been m ade to  address th is 
problem , notably  the  exhaustive work of T horn ton  e t al which seeks to  tab u la te  all the  
observed pairwise in teractions and m ake some deductions from their spatia l d istribu tion .
T here is a  sim pler approach to  th is problem . The poten tial functions we are using 
describe a set of energies associated w ith points in a phase space w ith six dim ensions for 
every pairw ise in teraction , corresponding to  displacem ent in th e  { x,y,z } directions and 
ro ta tio n s abou t the { x,y,z } axes of th e  two units relative to  each o ther. It is clear th a t  
in te rp re ta tio n  of these results depends on being able to  reduce th e  dim ensionality of the
:■
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system  to  two or th ree  so th a t  th e  poten tial energy surface can be easily visualised.
In studying  the  effect of hydrogen bonding on protein conform ation, we are helped 
by the  observation th a t  in crysta l s tru c tu res  hydrogen bonding geom etries are often near 
to  th e  predicted optim al geom etry. Also, we are interested in th e  general p roperties of 
sidechains, and can investigate individual in teractions separately  when system s of in terest 
are identified. This suggests using a generic ‘hydrogen bond do n o r’ or ‘hydrogen bond 
accep to r’ to  probe th e  po ten tia l energy space.
4.1.1 T he electronic d istribution  on protein sidechains
One area  in which quan tum  m echanics is in m arked conflict w ith the  em pirical m ethod 
of Lifson e t al is the  charge d istribu tion , especially for peptides. T he em pirical force held 
was generated  w ith the  apparen tly  reasonable assum ption th a t  th e  hydrogen bond donor 
and acceptor groups had a  net zero charge. This gave a  stab le  result and a  transferab le  
force field, b u t is significantly a t odds w ith the  actual picture of th e  charge d istribu tion  as 
found from  a q uan tum  analysis of th e  charge density of m any polar groups. For th e  side 
chains, m any b e tte r m odels of th e  charge d istribu tion  exist. Am ong the  first exhaustive 
charge derivations for biomolecules was th a t  carried out for th e  A M B ER  force field [6] 
using a  6-31 G* basis set on individual am ino acids, and these charges were used here 
in conjunction w ith th e  em pirically derived Lennard-Jones 9-6 param eters of Lifson et al 
[23]. D etails of all param eters and charges used are given in appendix  A.
4.1.2 Charged residues
A full description of polar in teractions in proteins would be incom plete w ithou t some 
tre a tm e n t of charged residues. T here are four sidechains which m ay be charged a t in tra- 
celiular pH, Lysine, G lu tam ate , A sp a rta te  and Histidine. G lu tam ate  and a sp a rta te  are 
car boxy lie acids, and lysine is a  prim ary am ine. Under m ost conditions (excluding the 
extrem es of pH found in some regions of th e  gut, for exam ple), these th ree  will adop t 
the  sam e charge as they  would free in aqueous solution, g lu tam ate  and a sp a rta te  losing 
a  proton to  become negatively charged, lysine gaining one to  become positively charged. 
T he ionisation po ten tial or electron affinity can be affected by the  local environm ent of 
a  residue in a protein, and th is effect can be observed by exam ining the  dependency of
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overall charge of the protein on pH, bu t in practice only histidine com m only t i tra te s  a t 
physiological pH. (It is com m only found in active sites which require a tem p o ra ry  sink for 
p ro tons or electrons - the  precise behaviour of the  system  can be tailored by surrounding  
the  active histidine w ith charged or polar residues to  control its ionic s ta te  in the  native 
enzyme.)
It may be expected th a t  charged in teractions in proteins would be am ong the  m ost 
im p o rtan t in determ ining protein stability, b u t th is is not the case; in fact, sa lt bridges are 
qu ite  rare  in globular proteins, and are very poorly conserved as com pared to  hydrogen 
bonds, for exam ple [34]. T his seems counterin tu itive a t first, since a  lysine-car boxy lie acid 
in teraction  has an e lectrostatic  in teraction  energy an order of m agnitude stronger than  
th a t  for the  o ther polar in teractions considered in th is work. However, w ith fully charged 
residues there  are a num ber of effects related to  in teractions w ith w ater which m ust be 
taken  in to  consideration. Ions in solution are stabilised by an extensive shell of w ater 
molecules extending 3 to  6 angstrom s from  the  ion itself. A buried charge loses th is shell 
entirely, and a pair of opposite charges in teracting  bu t exposed to  w ater a t the  protein 
surface have their solvation shells d isrupted . It is no t curren tly  possible to  assess the 
con tribu tion  of w ater to  these in teractions quantitatively , b u t th e  fact th a t  sa lt bridges 
are poorly conserved suggests th a t  the  net contribution  to  protein stab iiity  is close to  zero.
In all four of the charged residues, th e  un it of charge is not concentrated  on a single 
atom  b u t is ra th e r d istribu ted  as partia l charges across a  num ber of atom s. For th is reason 
it is necessary to  consider th e  whole region over which th is charge is d istribu ted  ra th e r 
th an  th e  so rt of two atom  system  usually associated with hydrogen bonding, b u t o ther 
th an  th a t  hydrogen bonds involving polar residues can be trea ted  the sam e way as o ther 
polar in teractions, given th a t  th e  quan tita tiv e  result of any energy calculation is tem pered 
w ith caution given the  contribu tion  of w ater outlined above,
4 .2  M ethods: In teraction  p lots
In order to  get a b e tte r p icture of the  in teractions which stabilise side chain in teractions, 
each side chain needs to  considered individually. T he dictionary of side chain in teractions 
shows th e  observed geom etric dependence of in teractions for each side chain. T his work 
shows th a t  the  system s are hard  to  in te rp re t because there are so m any free param eters
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pK 12.5 Arg+ ''c— --------------  Arg
pKlO.8 ^Lys+ ------------------  Lys
pK 10.1 _Tyr _ Tyr-
pK 8.3Cys ^ ------------------  CyS"
Figure 4.1: O xidation S ta tes of Polar Sidechains 
A t norni,al physiological pH, only H istidine and Cystine show variable oxidation states. 
The p K  values fo r  individual residues m ay vary due to local electrostatic effects -  an 
im portant fo rm  o f reactive site tuning fo r  m any enzym es.
even in a  single pair of in teracting  groups. (The dictionary looks a t all residues, not ju s t 
hydrogen bonding groups and finds a  sim ilar complex situation  for each of them .)
C h ap te r 2 shows th a t  it is possible to  study  these in teractions by im posing constra in ts  
which in m ost cases hold th e  hydrogen bonds in the m ost favourable conform ation - gen- 
eraliy pointing a t the hydrogen bond acceptor (when using a  donor probe) or donor (when 
using an acceptor probe). In the  system s considered here there  is often m ore th an  one 
donor or acceptor atom  to  tak e  into account, and in these cases a  m ore cen tral atom  is 
chosen as the ta rg e t. In m ost cases th is m eans th a t  the probe will also be pointing directly 
a t  th e  correct donor or acceptor atom  when the  four-atom  geom etry is optim al, although 
in some, low-angle deviations from optim al geom etry m ay m ean th a t  th e  m inim a found 
are no t th e  global m inim a for the  system . It seems reasonable to  assum e th a t  so long as 
conform ations in the  areas of the  global m inim a have been found, these deviations will 
no t be significant.
9-6-1 poten tials are used th ro u g h o u t th is chapter, w ith param eters  and charge d istri­
butions as given in appendix  A.
pK 6.0His+ His
pK4.3Glu Glu-
pK 3.9 ^Asp ------------------  Asp”
.Si
i
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4.3 R esu lts: T he in teractions o f polar sidechains
T he po ten tia l energy plots presented here are an a ttem p t to  see if th e  po ten tial energy 
calculations being used th roughou t th is work are useful for all polar in teractions in pro­
teins. In each case the  in teraction  plot is for a fully coplanar system , because in all cases 
th e  energy m inim um  is likely to  be a  coplanar system . In one or two cases {most no tab ly  
for arginine) there are likely to  be significant stabilising in teractions perpendicular to  the  
plane, b u t by far the  m ost com m on stabilising effects in proteins come from system s which 
are alm ost coplanar, or a t least show deviations of less th an  30'’ from planarity .
T he results should be com pared w ith th e  tabu lations of in teractions carried o u t by 
Singh and T horn ton  [35] and Ippolito  e t al [27].
4.3.1 Interaction poten tia ls for charged sidechains 
Interaction plot for Arginine(Arg+)
Arginine is a hydrogen bond donor, and the  preferred arrangem ent of hydrogen bond 
acceptors is best observed using a C = 0  probe system  in which th e  carbonyl group is always 
pointing tow ards the  centre of the  group, the  atom ; th e  results of th is calculation are 
shown in figure 4.2.
Ippolito et al suggest a nom enclature for the  three d istinct regions where hydrogen 
bond acceptors are observed to  cluster, N"^H--)-:antij-, >:syn, v :an ti//,
and these th ree  positions are shown to  have strong  m inim a. In th e  sca tte r-p lo ts  th e  syn 
and a n ti//  m inim a are peanu t shaped, w ith two barely discernible centres in each mini­
m um  ra th e r th an  an oval as shown here, b u t this could be a ttr ib u ted  to  the  in teractions 
where {twin n itrogen}/ {twin oxygen} arg in ine/carboxy late  pairs form. O therw ise, the 
syn / a n ti / / an ti//  preferences are largely proportional to  the  num ber of hydrogens con­
trib u tin g  to  th e  in teraction locally, and hence also to  the additive local positive charge of 
those hydrogens: th e  po ten tial shown is an alm ost perfect m atch for th e  observed hydrogen 
bond acceptor d istribu tion .
Interaction plot for charged Aspartate and Glutamate(Asp“ ,Ghi~)
A sp arta te  and G lu tam ate  bo th  have sim ilar charge d istribu tions in the  force field used, 
and so only one plot (w ith N-H as the probe, constrained to  point a t  th e  carboxyl carbon)
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is shown. T here are no sp^ directing effects in th is model, suggesting th a t  explicit lone 
pair charge placem ent may be im p o rtan t -  although th e  w idth of the  po ten tial m ay m ean 
th a t  several hydrogen bond donors are always present and s ta tis tica l effects of crowding 
give th e  sp^-directed d istribu tion  seen.
T he survey of Ippolito e t al showed th a t  there was significant favouring of the lone pair 
directed  positions, which is no t reproduced in the  results here, b u t also showed th a t  the  
ra tio  of syn to  anti hydrogen bonding showed a d istinct preference, w ith a  syn:an ti ra tio  
of 0.51:0.49 for asp a rta te , 0.57:0.43 for g lu tam ate , and an overall 0.53:0.47 preference for 
syn hydrogen bonding. T he syn position is clearly favoured by the elec trosta tic  model 
used here.
T he preference for syn hydrogen bonding is strongest w ith arginine and lysine, su p p o rt­
ing th e  conclusion th a t  the  directing influence is m ainly electrostatic . Even am ong o ther 
side chains the ra tio  is higher th an  0.53:0.47. This m eans th a t  th e  m ain an ti contribu tion  
comes from m ainchain hydrogen bonds, which in m any cases m eans a  highly constrained 
system  -  particu larly  for asp a rta te , which very frequently m akes hydrogen bonds to  the  
local backbone peptides, possibly unable to  m ake an ideal e lec trostatic  contribu tion .
though  no atom  is included so th is is alm ost indistinguishable from  the W  case. Here
IInteraction plot for charged Histidine(His‘‘‘)
C harged H istidine has two hydrogen atom s which ac t as hydrogen bond donors, and 
figure 4.3 shows the  po ten tial energy of a  C ~ 0  acceptor probe pointed a t  th e  cen tre of 
th e  H istidine ring. T he results are as would be expected for individual N-H groups. T he 
sca tte r-p lo ts  of Ippolito et al could not distinguish the  th ree form s of histidine as they 
appear identical to  X -ray crystallography, so there  is no simple way to  judge w hether th is 
po ten tia l energy form  is a  perfect m atch. T here is no significant cluster of hydrogen bond 
partn e rs  between the two regions shown in th is figure, though, so it is fair to  assum e th a t  
th is  is a  good m atch for those am ong th e  histidine residues which are charged.
4.3 .2  Interaction poten tia ls for charged sidechains 
Interaction plot for Uncharged Histidine as Hydrogen Bond Donor
Figure 4.5 shows th e  hydrogen bonding poten tial for histidine w ith p ro tonated  - al-
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Figure 4.2: Interaction plot for Arginine(Arg'^ )
A rginine can be treated as a hydrogen bond donor, and the ideal arrangem ent o f  hydrogen 
bond partners can be observed using a C = 0  probe and a 9-6-1 potentia l as in figure 2.11, 
with the probe always pointing at the centre o f  the charged group. C ontours are drawn at
2kcal/m ol intervals.
Figure 4.3: Interaction plot for charged Aspartate and Glutamate(Asp“ ,Glu“ )
Plot o f potential energy o f aspartate and glutam ate sidechains as hydrogen bond 
acceptors, with N -H  as probe. C ontours are drawn at 2kcal/m ol intervals. Note especially 
that there are no sp^ directing effects in this model.
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Figure 4.4: Interaction plot for charged IIistidine(His''')
Charged Histidine has two hydrogen atoms which can be regarded as hydrogen bemd 
donors, and this plot shoivs the potential energy of a C = 0  acceptor probe. Contours are
at 2kcal/mol intervals.
In te r a c tio n  p lo t for u n ch a rg ed  H is t id in e  as H y d r o g en  B o n d  A c c e p to r
Figure 4.6 shows the same system, with the same charges and parameters as in figure 
4.5 but using N-H as the probe to identify hydrogen bond acceptor regions. The strong 
clustering of hydrogen bond donors around the N** atom was thought to indicate a dis­
tinct lone pair electron concentration, but the results here suggest that the ring charge 
distribution alone is enough to encourage a directional hydrogen bond. The carbon atoms 
flanking N** are slightly positive, and this has a significant directing effect.
In ter a c tio n  P lo t  for A sp a ra g in e  an d  G lu ta m in e  as H y d r o g e n  B o n d  D o n o rs
Asparagine and Glutamine polar groups have identical charge distributions in this force 
field, so figure 4.7 serves for both. In the first calculation, hydrogen bond donor activity 
is measured and so a C = 0  probe is used. The carbonyl dipole is significant here, provid­
ing an added electrostatic contribution to any A...H“"‘‘*N hydrogen bond. This effect is 
experimentally verified by the fact that anti hydrogen atoms of carboxamide groups are 
more acidic than syn: the carbonyl group dipole gives the syi2 hydrogen a higher effective 
positive charge.
î
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im entally  verified by the  fact th a t  anti hydrogen atom s of am ide groups are m ore acidic 
th an  sy?2: th e  carbonyl group dipole gives th e  syîi hydrogen a higher effective positive 
charge.
Interaction Plot for Asparagine and Glutamine as Hydrogen Bond Acceptors
Using an N-H probe identifies hydrogen bond acceptor regions; th e  results are shown in 
figure 4.8. As in th e  a sp a rta te /g lu ta m a te  case, there  is no sp^ directing effect observed.
T he  clustering seen is weaker th an  th a t  for the hydrogen donor positions. Overall the 
sy n /a n ti  ra tio  for bo th  donor and acceptor groups is 0.46:0.54, bu t th e  d irecting effect of 
the  lone pairs is less significant th an  th a t  of the am ide protons: th e  strongest directing 
effect is th a t  of the  an ti N-H allied w ith th e  C = 0  dipole.
Interaction Plot for Serine and Threonine as Hydrogen Bond Donors
X -ray crystallography does no t provide explicit hydrogen positions for alcoholic sidechains, 
and m ost studies of hydrogen bond p artn e rs  focus on techniques for deducing the hydrogen i
position. F igure 4.9 shows the  hydrogen bond donor region for alcoholic sidechains and 
suggests th e  hydrogen bond acceptor d istribu tion  which could be seen if hydrogen positions 
were known.
Interaction Plot for Serine and Threonine as Hydrogen Bond Acceptors
For bo th  serine and threonine th e  m ost significant clustering seen is the  steric hindrance 
which causes donor and acceptor clustering in the  staggered conform ations. T he expected 
preference for the trans position is not seen, probably because local sidechain - m ainchain 
hydrogen bonds dom inate, favouring the  gauche conform ations. T he cases where alcoholic 
side chains act as both  donor and acceptor a t th e  sam e tim e are not best envisaged by Isuperim posing th e  two diagram s given here, b u t would require a m ore com plex th ree  g
dim ensional function balancing the  preference for the  staggered conform ations w ith the 
need to  keep donors and acceptors of opposite polarity  as widely separa ted  as possible.
-ïi
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Figure 4.5: Interaction plot for Uncharged Histidine as Hydrogen Bond Donor 
Uncharged H istidine can exist in two form s, with Nj or protonated. Both fo rm s have 
sim ilar charge distributions, so a model with no explicit jo in t to the m ain chain is 
considered here to cover both cases. C = 0  is used as probe in this calculation.
Figure 4.6: Interaction plot for uncharged Histidine as Hydrogen Bond Acceptor 
Using N -H  as a probe, a centre o f  negative charge on N^ flanked  by positive charges is 
identified as a hydrogen bond acceptor. It has a d istinct geom etry, tailored by the 
positively charged atom s on each side. C ontours are at 2kcal/m ol intervals.
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Figure 4.7: Interaction Plot for Asparagine and Glutamine as Hydrogen Bond Donors 
C = 0  is the probe here, this time pointing at the centre of the C-N amide bond. Notice 
the relative strength of the anti hydrogen as donor here compared with the syn hydrogen, 
thanks to a directing effect, of the carbonyl dipole.
Figure 4.8: Interaction Plot for Asparagine and Glutamine as Hydrogen Bond Acceptors 
Asparagine and Glutamine can act as hydrogen bond acceptors as well as donors, and 
shoum here is the same system as in the previous figure but with N-H as probe. As in the 
aspartate/glutamate case, there is no sp‘^ directing effect observed.
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Figure 4.9: Interaction Plot for Serine and Threonine as Hydrogen Bond Donors 
This figure suggests the hydrogen bond acceptor distribution which could be seen if 
hydrogen positions were known, with CP-CP-H in the plane and a C = 0  probe directed at
he oxygen atom.
Figure 4.10: Interaction Plot for Serine and Threonine as Hydrogen Bond Acceptors 
Partial charges on the oxygen atoms are enough to make these sidechains act as hydrogen 
bond acceptors even in the absence of explicit lone pair charge centres. Here N-H is the
probe.
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4 .4  R esu lts  ii: Secondary and tertiary p ep tid e /p e p tid e  in­
teraction s
Sidechains are not th e  only polar p a rts  of proteins which show geom etry dependent polar 
effects based on their p artia l charge distribu tions. The peptide itself consists of atom s 
w ith effective partia l charges, and these give rise to  effects which are d istinguishable from 
sim ple hydrogen bonds. T he case of two adjacent peptides has been considered in the 
previous chapter, bu t it there  are also otlier places where polar in teractions o th er th an  
th e  hydrogen bond can have a  conform ational directing effect when th e  peptides are m ore 
widely separated  along th e  polypeptide chain. B oth in secondary and te rtia ry  m ainchain- 
m ainchain in teractions there  are carbonyl-carbonyl effects which cause deviations from 
linear hydrogen bonds.
T he s tru c tu re  of th e  peptide bond can only be explained in term s of th e  o rb ita l s tru c ­
tu re . A more trad itiona l p icture of the  peptide bond, as a resonance s tru c tu re , ac tually  
predicts th a t  th e  peptide would be unable to  take p art in hydrogen bonding, since the 
canonical form  w ith a C = N  double bond whose contribution would explain th e  p lanar 
n a tu re  of the bond would give rise to  a positive charge on the  nitrogen atom , and hence 
no tendency to  form  the so rt of charge d istribu tion  which allows N-H to  ac t as a hydrogen 
bond donor. C learly som ething else is happening: N-H does act as a  hydrogen bond donor, 
b u t a t th e  sam e tim e the peptide bond is planar.
T he answer lies in th e  stru c tu re  of th e  molecular o rbitals form ed from th e  p-orb itals of 
nitrogen, carbon and oxygen. R ath er th an  forming an sp^ hybrid s tru c tu re , the  nitrogen 
lone pair mixes w ith the  pi bonding p-orbitals of the  carbonyl bond to  form  a set of 
extended orb itals which favour the fla t bond and encourage increased electron density  on 
th e  electronegative nitrogen and oxygen atom s. This gives a system  which, when trea ted  
as point charges m apped onto th e  atom  centres, has negative centres on N and O, positive 
on C and H, as required for e lec trostatic  hydrogen bonding. Notice also th a t  th e  charge 
on th e  nitrogen is not equal and opposite to  th e  charge on Hydrogen, b u t is considerably 
higher. This is because nitrogen has an electron w ithdraw ing effect from  the  alpha-carbon 
also, so there  is some deviation from the  simple p icture of electroneutra l groups acting  as 
hydrogen bonding donors or acceptors.
T he po ten tial of Lifson e t al [23] is unusual in th a t  it assum es net neu tra l N -H  and
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C ~ 0  groups, while m ost o ther force fields such as A M B ER  [6], based on ab in itio  quan tum  
m echanical calculations, have larger negative charges assigned to  th e  am ide nitrogen atom , 
balanced by a  sm all positive charge on th e  C" position.
In (M accallum  et al II, [14]) a  com parison of these two con trasting  charge d istribu tions 
and their effect on the  geom etry of p ep tid e /p ep tid e  in teractions is shown. In th is case 
there  is very little  difference between th e  two system s, so it is safe to  tak e  the electroneutra l 
approxim ation  as a s ta rtin g  point (which tu rn s  out to  be v ital for easily in terp re ting  results 
from  whole proteins) to  investigate system s, w ith the  more realistic charge d istribu tion  
used to  verify the generality of the m ore im p o rtan t results. T his is useful because being 
able to  tre a t  peptides as neu tra l ob jects m eans th a t  forces between them  can be estim ated  
in th e  absence of o ther atom s, giving a  “clean” potential energy estim ation allowing the 
intrinsic dynam ics of the  polypeptide backbone to  be studied w ithou t need to  estim ate  
th e  effects of o ther atom s.
4.4.1 T he angle 7 in p ep tid e interactions
In proteins, th is nonlinearity has been m easured by an angle, 7  [36], which is th e  in plane  
0 = 0 ...H angle in a peptide to  peptide hydrogen bond, positive when th e  hydrogen is 
nearest th e  C« atom , negative when it is nearest the nitrogen of th e  acceptor peptide. It 
has been shown th a t  in cv-helices and parallel b e ta  sheet its value is usually negative, while 
in an tiparallel b e ta  sheet it is m ostly positive.
To show th a t carbonyl-carbonyl e lectrostatic  in teractions can have the  correct directing  
effect on peptide hydrogen bonds, a  m ore e laborate  probe system  needs to  be used. In th is 
case, we are in terested  in th e  in teractions between all th e  atom s in the  pair of in teracting  
peptides. T he probe and the  fixed group both need to  be full peptides (including the  
Ccv atom s). R ath er th an  a ttem p tin g  to  guess the optim al hydrogen bond geom etry a.s 
is possible for simple tw o-atom  probes, th e  geom etry is fixed so th a t  the acceptor C —O 
and donor N -H  are in each case antiparallel, so th a t  the  co-linear hydrogen bond can be 
form ed and any o ther stabilised arrangem ent easily in terp re ted . T he probe can have two 
orien ta tions, one parallel to  th e  fixed peptide, as it would be in parallel sheet or a lpha 
helices, one antiparallel as it would be in antiparallel b e ta  sheet.
F igures 4.12 and 4.13 show th e  plots for these two conform ations. T he energy m inim a 
are found w ith the NH and CO groups oriented for hydrogen bonding, b u t no t co-linear.
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Figure 4.11: T he angle 7  -  dehnition 
7  is the angle 0 = 0 . . .H  in the plane o f [COC'O^] fo r  a hydrogen bond to a polypeptide 
backbone. N ote that N -H ..,0  are not necessarily co-linear.
T he relative positioning of th e  groups a t the  m inim um  is such th a t  in each case the 
carbonyl oxygen of the lower, fixed group is as close to  possible to  the carbonyl carbon 
which has a perm anent fractional positive charge. In th e  parallel case th is gives rise to  a 
m inim um  w ith a  gam m a angle of -23^, close to  the observed values o f -19° for parallel b e ta  
sheets, -20" for a lpha helices. T he m inimum for the  antiparallel case is 15", com parable 
to  the observed value of 2 0 " in antiparallel sheets in real proteins.
4.5  C onclusions
A full in te rp re ta tio n  of th e  hydrogen bonding sites of a protein would require looking 
a t each in tu rn  and calculating the contributions from all nearby charged or polarised 
atom s. Looking a t isolated polar groups and calculating the hydrogen bonding poten tial 
w ith sim plistic probes gives loose predictions of the hydrogen bond p a r tn e rs ’ d istribu tion  
which is surprisingly close to  th a t  actually  seen.
Two conclusions ab o u t th e  quality  of th e  results can be draw n. One is th a t  atom - 
centred  poten tials w ith no explicit directional term s are sufficient to  reproduce th e  ob­
served d istribu tion  of hydrogen bond geom etries. No specific d irectional te rm s seem to
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Figure 4.12: Peptide-peptide interactions: parallel 
This figure shows the effect on the interaction plot of including the extended charge set of 
a whole peptide rather than just the C = 0  and N-H units. The probe peptide is in the 
same orientation as the fixed one, parallel and coplanar with potential energy plotted 
relative to the hydrogen position. The minimum is shifted to give a negative value to 7 , 
with the minimum corresponding to y  =  —2.3".
Figure 4.13: Peptide-peptide interactions: anti parallel 
This shows the same system as the previous figure, but with the probe peptide now turned 
over to correspond to an antiparallel stand rather than a parallel one. The minimum now
gives a postive value for  7 , -j-1.5".
4.5. Conclusions 87
be required. T he o ther is th a t  lone pairs, particu larly  on carboxylate  groups b u t to  a 
lesser ex ten t on all u n sa tu ra ted  oxygens, are significant and should perhaps be included 
as sep a ra te  points w ith partia l charges of their own.
C h a p ter  5
T he Stability  o f Different typ es of 
H elix
E xtending energy calculation based analysis o f peptide interactions to system s with more 
than two groups and two free param eters requires a new approach to reduce the size o f 
the possible solution space. This chapter describes the first step in this direction, applying 
constraints to an in fin ite polypeptide chain which require the bonds o f each residue which 
are free to rotate to adopt the sam e conform ation. The conform ational energy o f an in fin ité  
polypeptide hom o-conform er can then be calculated.
Each contribution to the conform ational energy is examined, classifying each pair o f  
interacting peptides by the corresponding hydrogen bond interaction. Individually, the i-hS, 
i-h4, and i-j-5 give m in im a  fo r  the expected helices (3iq, oifi, and ttr respectively), but in 
com bination they show that there is no local m in im um  fo r  the 3io helix -  it will always 
fo ld  to an helix i f  possible -  and there is a strong steric repulsion destabilising the tth 
helix, explaining in a sim ple to interpret system  why extended helices o f these types are 
never seen in proteins.
A n o th er  feature o f the combined potential energy is that there is a significant barrier to 
concerted strand to helix transition, suggesting that helix folding m ust be either catalysed, 
stepwise, or both. Models dealing with this problem are the subject o f chapter 6.
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5.1 In trodu ction
Some of the intrinsic properties of the polypeptide can be explained in term s of the  classic 
R am achandran  plot dipeptide in teractions as discussed in chap ter 3, and some of the  
long range effects seen in b e ta  s tran d s and helices can be explained as seen in chap ter 
4. However, looking in particu lar a t the  figures in chap ter 3, it is clear th a t  th ere  is 
no in teraction  which specially stabilises th e  a lpha helical conform ation, even though th a t  
region of the  ph i/p si plot is accessible. This m eans th a t  only longer range forces have a 
significant directing influence on helical conform ations, which has significant im plications 
for the  folding pathw ay of proteins; if there  is no intrinsic tendency for the  residues on their 
own to  adop t helical conform ations, helix folding can only be some type of cooperative 
process. This chap ter uses th e  techniques developed in earlier chap ters to  look a t  th e  
individual polar contribu tions to  th e  conform ational energy of a polypeptide, ra th e r th an  
the  glycyl dipeptide.
5.1.1 The three predicted  helical structures
B eta  sheets and stran d s only com prise one m ajor class of p rotein  s tru c tu re . As early as 
th e  1940s it was suggested th a t  the  polypeptide backbone could be stabilised by hydrogen 
bonds along the  length of th e  chain to  form  helices. T he s tru c tu res  which were believed 
to  be possible included
•  th e  3io helix,
•  the  a  or 8.613 helix and
•  th e  7T or 5.4-17 helix
These will be described fully in the  next section, bu t the basic features are;
T he 3 /10  helix is stabilised by m ain chain hydrogen bonds th ree  residues ap a rt. In­
dividual residues are frequently  found in th e  conform ation predicted for the  right handed 
3 /1 0  helix, b u t extended 3 /10 helical s tru c tu ra l elements are not found in globular pro­
teins. M ost 3 /10  helices found are either d istortions in a lpha helices, often a t  th e  ends, 
or are independent bu t less th an  five residues long. T he sam e situation  is found in small 
peptides, although a-d isu b stitu ted  amino acids can be m ade which force th e  peptide to  
ad o p t a  3 /10  helical conform ation.
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T he alpha helix is stabilised by hydrogen bonds between m ain chain groups four 
residues ap a rt. This is th e  only com m on helical s tru c tu ra l elem ent found in proteins: 
it was one of the earliest s tru c tu res  confirmed and nearly all globular pro teins contain one 
or m ore long a lpha helices. Some are com prised entirely of a lpha helical un its connected 
by loops.
T he pi helix should be stabilised by hydrogen bonds between m ain chain groups five 
residues ap a rt. No pi helices are found in proteins. T here are a few places w here a lpha 
helices include a widening to  incorporate  a five-residue hydrogen bond, b u t th e  confor­
m ation of the  residues involved is not th a t  predicted for an extended pi helix. In fact, 
even individual residues rarely adop t the  pi-helical conform ation, although the  d ipeptide 
p h i/p si plo t suggests th a t  such conform ations should be possible.
5.1.2 T he concerted  folding m odel
T he concerted folding model is a p icture of helix folding in which all of th e  residues which 
are to  be involved in a helix adop t th a t  conform ation cooperatively, w ith all the  residues 
partic ipa ting  from  the s ta r t  of folding th rough  the  change from  random  coil to  helix. It 
was originally invoked to  explain th e  results from  time-resolved circular dichroism  which 
show th a t  100% (or more) of th e  final helical content of a protein is adopted  w ithin a  few 
m icroseconds of the  s ta r t  of folding. It was felt th a t  the only way th is could be explained 
was th rough  a cooperative process.
A t one extrem e, the concerted folding model could be in terp re ted  as im plying th a t  all 
th e  residues fold in a  s tra ig h t pa th  from random  coil to  helical conform ation a t  th e  sam e 
ra te , so if all of the  residues were in (say) an extended conform ation to  s ta r t  w ith, then  
a t each tim e along the  folding pathw ay all the residues would have sim ilar p h i/p si values. 
T his is clearly an extrem e in terp re ta tio n , bu t not neccesarily an unreasonable one. A 
looser in terp re ta tio n  m ight be th a t  helix folding may exhibit m ultiple nucléation points, 
w ith the o ther residues adopting com plem entary conform ations in response to  these as 
folding progresses.
T he naive picture of concerted folding is useful, because it gives a restric ted  phase 
space which can be visualised in two dim ensions. In this chap ter, po ten tial energy plots 
for individual in teractions are calculated in the context of a polypeptide chain in which all 
th e  residues share the  sam e phi and psi values. This provides an energy profile for a  fully
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concerted s tran d  to  helix transition , and although few hard conclusions can be draw n from 
th is  som ew hat unlikely folding pathw ay, suggestions are m ade as to  how those constra in ts  
can be relaxed; th is is dealt w ith in chap ter 6 .
5.2 M ethods: A nalysing  th e  conform ational energy o f  con­
certed  folding
A gain, we are in terested  in system s which are no t necessarily realistic for globular proteins, 
and forbidden conform ations m ay have as much to  tell us as those which are energetically 
stabilised. As a  result we can m ake little  use of real protein coordinates a t th is stage, and 
artificially generated  coord inate sets are m ore appropriate.
O ur main in terest is in the folding from extended conform ation to  helix, and it would 
be a  sim ple m a tte r  to  generate coord inate sets ju s t along a s tra ig h t m onotonie transition  
from one to  the o ther. B u t it is in fact possible to  generate full p h i/p si plots of these 
in teractions in a few m inutes on a reasonably powerful w orksta tion , so th is is w hat has
been done.
1
.5.2.1 N on-bonded  and E lectrostatic  C ontributions to  the S tab ility  of 
H elices
Using a 9-6-1 po ten tial for th e  in teractions m eans th a t  a  range of effects can be seen.
N ot only are the  classic hydrogen bonds identified, bu t o ther polar effects involving the  
am ide carbonyl groups can be included alongside a reasonable trea tm e n t of non-bonded 
repulsions.
A significant am ount of work has focused on the  electrostatics of the  a lpha helix itself, 
in particu la r on the perm anent dipole it exhibits and the  apparen t use of th is in su b s tra te  
and charged sidechain binding. In th is work, th is subject is not investigated because 
th e  long range charge cooperativ ity  is dependent on polarisabilities and dielectric effects 
which canno t be trea ted  by the  L ennard-Jones 9-6-1 model. A conclusion ab o u t the 
relative im portance of short range and long range electrostatic  in teractions would require 
a full ab in itio  quan tum  mechanical trea tm en t, and so is not a ttem p ted  here. Instead , 
only those in teractions which involve d irect con tac t between near peptides are trea ted , in 
which dielectric effects are likely to  be small. Hydrogen bonds for peptides 1,2,3,4 and 5
II
;î
Î
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Figure 5.1: Classes of Right-handed Helix 
The three classes of helix predicted on the basis of hydrogen bond geometry are shown 
here. Coordinates were generated as models, since extended stretches of 3io and w helix 
are not observed in globular proteins, a) A 3iq helix, (f> =  —60", if — —30", stabilised by 
* — 2 -h 3 hydrogen bonds, b) An  u helix, <f> =  —60", i f  =  —40", stabilised by i i 4 
hydrogen bonds, c) A tt helix, (f =  —60", i f  =  —65", stabilised by i —> i -f 4 hydrogen
bonds.
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(e)
Figure 5.2: The Concerted Model of Helix Formation 
This figure shows the conformations adopted by a polypeptide in which every residue folds 
from a twisted strand to an alpha helical conformation at the same rate. Only the 
outlines of the peptide bonds are drawn, with Cai, O d - if  and Cai-i marked, a)
(j) =  —90", if =  130", twisted beta strand, b) (f =  —90", if =  70", gamma turn 
conformation, with i i +  2 hydrogen bonds, c) <f =  —90", if =  10", the ''neck”region of  
the Ramachandran plot, d) cf =  —65", if =  —25", a 3iq helix stabilised by i i -\-8 
hydrogen bonds, e) <f =  —60", if =  —40", an O' helix stabilised by i i -f 4 hydrogen
bonds.
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residues a p a rt are considered.
5.2.2 Charge D istrib u tion  and N on-B onded Param eters for th e  P ep tid e  
U nit
As discussed in section 4.6, there  are two ways of representing th e  charge d istribu tion  
on a peptide. One is to  use a QM  derived set of partia l charges, which implies the 
placem ent of an effective positive charge on the C “ position, th e  o ther is to  use the 
em pirical force held of Lifson et al [23] which has the am ide atom s exhibiting an in ternal 
charge red istribu tion  b u t no polar effects beyond the  bond itself. T he second was shown 
to  be qu ite  adequate, w ith the correct p a tte rn s  of repulsion and a ttra c tio n  and m inim a in 
broadly the  sam e positions as given for the  ab initio  case. It also has the  g reat advantage 
th a t  th e  polypeptide backbone can be broken down into its constituen t peptide units 
and po ten tia l energies calculated between these independent objects. Since th e  po ten tial 
energies have a considerable e lectrostatic  com ponent, it is useful to  have zero net charge 
on th e  groups being considered, and for as few atom s to  be shared between th e  functional 
un its as possible to  prevent double-counting of po ten tial energy contribu tions. In fact 
th e  p aram eters  (including the  repulsive cores) for the  Ca atom s can be left ou t, ensuring 
th a t  any results are purely in teractions between peptides, m aking them  much easier to  
in terp re t.
These results below show th a t  even w ith th is sim plification, nearly all the  featu res of 
repetitive polypeptide conform ation can be explained, and th ere  is little  reason to  suppose 
th a t  adding in th e  ex tra  carbon atom s would add much to  the  final picture.
5.2.3 C o-ordinates for M odel
T he calculations in th is section were originally suggested by exam ination of th e  in terac­
tions between peptides in real polypeptide backbones from the Brookhaven da tabase , bu t 
analysis of th e  m ore com plicated aspects of real stru c tu res is saved for the  next chap ter, 
w here th e  situations under which i-> i-|-3  and î - 7^-|-5 hydrogen bonds can natu ra lly  occur 
are identified. T he features which arose from  th a t  analysis which are relevant for th is 
section are
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# th e  peptide-peptide in teraction  which corresponds to  an 4- 3 hydrogen bond has 
a  s tren g th  roughly 60% th a t  of an equivalent +  4 hydrogen bond
•  the situations where +  5 in teractions arise are d istortions of a lpha helices, not 
residues in pi-helical conform ations.
T he coordinates are generated  using th e  scheme given in A ppendix 1, w ith the  peptides 
p lanar (ie angle w =  180") and all bond lengths and angles fixed to  s tan d ard  values [5]. 
T he conform ations are fully described by the p h i/p si values for the  backbone, and  the  
po ten tia l energy surface is therefore tw o dim ensional.
Using a  SPARC based Suii4 w orkstation, it is possible to  generate  2250 sets of coordi­
nates and their in teractions in around 100s, even using unoptim ised code, so it is possible 
to  generate  a full range of 150x150 p h i/p si conform ations for each in teraction .
5.3 R esu lts: T he conform ational energy o f h om ogen eous
helical stru ctures
Using whole peptides ra th e r th an  N -H ...O —C in teractions can lead to  conflict w ith the  
usual nom enclature used for hydrogen bonds, b u t in the case of 3 /10 , 3 .6 /13  and 5 .4 /17  
helices th e  strongest p a r t of th e  peptide-peptide in teraction is con tribu ted  by a correctly  
oriented hydrogen bond, so it  is possible to  use the  sam e labelling scheme. T his m eans 
th a t  ad jacen t peptides sharing one a lpha carbon atom  can be described as having and 
+  2 type in teraction , those w ith one intervening am ide bond have an i-P-i +  3 type, 
those w ith two intervening am ides +  4, and so on.
T he significance of using whole peptide in teractions has already been discussed in 
chap te r 4 , in th a t  the whole charge d istribu tion  of a single bonding un it con tribu tes to  the 
d istribu tion  of hydrogen bonding partners , not ju s t the  individual hydrogen bonds which 
have been picked ou t in th e  past. Using a  9-6-1 po ten tial as well as po int charges allows 
th e  effects of steric hindrance to  be quantified, and unfavourable in teractions caused by 
overlap repulsion can be seen.
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5.3.1 T he i - y i  +  2 interaction stabilises the b eta  strand conform ation
T he in teraction  between two ad jacent peptides was discussed a t length in chap ter 3. T he 
sam e results are presented in figure 5.4 for completeness: th e  in teraction  is slightly different 
from th e  o thers in th a t  it requires special trea tm en t of the three-bond in teractions: as 
before, th e  e lectrostatic  effects are kept b u t the Lennard-Jones 9-6 param eters  are removed. 
T hus, the  results in figure 5.4 are the  sam e as those in figure 3.10, th e  case w ithou t te rtia ry  
hydrogen bonds, nam ely a  s trong  stab ilisa tion  of the gam m a tu rn  conform ation and the 
righ t-tw isted  b e ta  s tran d  (and again its m irror image, since in th is section we are only 
considering a polyglycine peptide). As is show later, th is chain length stab ilisa tion  is 
quickly sw am ped by th e  stronger hydrogen bonds from th e  longer range in teractions.
T he quan tita tiv e  significance of th is plot is hard to  assess. For th is analysis the  i+ 2  
in teraction  is a little  sharp  and so is softened by m ultiplying it by 0.5 before adding it to  
th e  o ther com ponents.
5.3.2 T he ■+■ 3 interaction: stabilisation  of the 3 /1 0  conform ation
Figure 5.4 shows th e  po ten tial energy for a  pair of peptides separated  by one intervening 
am ide group. T his corresponds to  the  i - y i - f S  hydrogen bond when f  Ps —60" and 0", 
and th e  po ten tia l energy shows a strong  m inim um  in th is region as would be expected. 
However, com paring th e  shape of the  po ten tial to  those in figures 5.7 and 5.8 shows th a t  
th e  m inim um  is no t as well defined as th a t  for th e  i —)■ z -fi 4 in teraction , and it occurs in 
a region where there  are repulsions from  the i ~y i +  2 in teraction as well. T he i -P- i - f  3 
canno t m ake its N -H ...O = C  in teraction  linear: there m ust always be a m arked kink in 
th e  hydrogen bond which decreases its m axim um  possible stability. T his is seen in section 
5.3.5, looking a t  th e  overall energy of th e  helical conform ations, where even in places w here 
th e  backbone gets its  prim ary  stab ilisation from  i i - f 3  hydrogen bonds th e  stren g th  is 
still only around 3 kcalmol"^ com pared to  around 4.5 kcalmol"^ for an average i —> z +  4 
hydrogen bond in an a lpha helix.
In sp ite  of these problem s, figure 5.6 shows th e  effect of com bining the  z —> z -f 2 and 
i -y  z-}-3 potentials. T here is a  fairly clear local minimum for the  3 /10  helical conform ation, 
so there  does no t seem to  be any reason at this stage why an extended 3 /10  helix should 
no t be found.
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It is even possible to  include a  sim ple m odel of com petition for solvent, by including 
th e  te rtia ry  bonding partners of th e  i+ 2  case (but not of the i+ 3 ). T his is equivalent to  
allowing ex ternal species to  bind to  extended chain bu t excluding them  as the s tran d  coils 
up, m aking a  reasonable model system  th e  result of which is shown in figure 5.7.
5.3.3 T he % +  4 interaction: the alpha helix
T he alpha helical hydrogen bond has a nearly optim al geom etry, and th is can be seen in 
figure 5.6 as a  clear, deep m inim um  cut (f) — —6 0 \  'ip =  —40'^. T his is not surprising, of 
course, b u t the  o ther featu re which is of g reat im portance in th is po ten tial energy is the 
steep  repulsive region near (p =  —70", 'ip — —50". This is a repulsion arising from  steric 
hindrance, as in the conform ation which th is corresponds to, the  carbonyl group of residue 
i is forced too close to  the am ide nitrogen of residue z+ 4 . This m eans th a t  th ree successive 
residues cannot adop t sim ilar conform ations near these ph i/p si values, and so th e  pi helix 
is not possible. T here is no stab ilisation for a pair of neighbouring peptides adopting  th is 
conform ation, as shown in figure 5.4, and th e  i i + 5 stab ilisa tion  described below for 
four hom o-conform er residues is not strong  enough to  overcome th e  l / r ^  or 1/?’^^  repulsive 
core of th e  i i + 4 repulsion. T here is therefore a  simple explanation  of why th e  pi helix 
canno t be formed by a  polypeptide chain which is based entirely on the  in teractions along 
th e  length of the  helix, ra th e r th an  argum ents based on the  efficiency of th e  packing a t 
th e  core or sidechains of th e  helix.
5.3 .4  T he i —> i + b interaction: to o  weak for pi helices
W ith  five peptides in th e  sam e conform ation (which can be achieved by se tting  four 
residues to  have the  sam e p h i/p si values) it is possible to  see the +  5 in teraction . 
T his has a  m inim um  where the  pi helix was predicted to  fall, w ith ano ther sharp  repul­
sion corresponding to  th e  5-residue C = O ...N  steric repulsion a t  slightly lower psi values. 
However, if all th e  residues are in th is conform ation, the  repulsion from  th e  -f 4 in­
teraction  in th e  previous section m ust also be included, and as a result there  is significant 
n et destabilisation  of th e  pi helix. T he only way an i - ^ i  +  5 hydrogen bond can be form ed 
is th rough  considerable d isto rtion  of the  chain (see chapter 6 ), and th is m eans th a t  f +  5 
bonds canno t be a repetitive secondary s tru c tu re  feature.
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5.3.5 Overall conform ational energy
P u ttin g  all these in teractions together ought to  show the  energy profile of th e  concerted 
backbone, and th is is shown in figure 5.8. This plot is simply obtained by adding together 
th e  i +  2 ,+ 3 ,+ 4 ,+ 5  energies and displaying the results on a single p h i/p si plot. F igure 
5.8 should be com pared w ith figure 5.5, which shows the sam e calculation b u t for the  
 ^+  2, + 3  in teractions only. T he m inim um  for the i +  3 in teraction  is not as deep as th a t  
for th e  z +  4 hydrogen bond. As a  result, there is no energy barrier between the m inim um  
for th e  3 /10  helix and th a t  for th e  a lpha helix. In fact, if th ree  or m ore residues adop t 
th e  sam e conform ation in a polypeptide, there  is no minimum for th e  3 /10  conform ation 
a t  all; it sim ply becomes a po ten tial energy trough  w ith a slope clearly in the direction of 
th e  alpha helical conform ation. T he 3 /10  helix, which is only com m on in peptides with 
artificial blocking sidechains, is inherently  unstable and will always tend  to  fold into an 
alpha helix. These results suggest th a t  there is no energy barrier to  th is process and th a t  
it  will happen spontaneously.
5.4  C onclusion: C oncerted  strand-helix  tran sition  is en er­
getica lly  unfavourable.
It is now possible to  draw  a po ten tial energy diagram  for the  concerted s tran d  to  helix 
tran sitio n  and draw  some conclusions abou t the dynam ics of such an event. F igure 5.9 
suggests th a t  a  s tra ig h t line across the R am achandran  plot, going from a  gam m a tu rn  
conform ation to  a helical conform ation th rough  the  3 /10  region is as good a  folding pa th  
as any, w ith no o ther stabilised folding channels identified by th is m ethod. This profile Is 
shown in figure 5.10. W h a t it shows is th a t  there  is no particu lar stab ilisa tion  provided by 
th e  concerted model along this pa th  until an extensive 3 /10  helix has been form ed, from  
where th e  helix will spontaneously  fold as suggested. This m eans th a t  there  is a perm anen t 
energy barrier to  cross, estim ated  a t 2.0 kcalmol"^ per residue. This is too  high to  allow •I
th e  so rt of ra tes typically seen in protein folding studies, so som e more cooperative system  
which somehow avoids th e  unfavourable random  coil w ith no helix or s tran d  charac ter 
in term ediate  which th e  concerted m odel requires. Possible candidates are th e  sub jec t of 
th e  next chapter.
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Figure 5.3: Conformational Potential Energy of the i —>■ i -f 2 interaction.
This is the interaction between two adjacent peptides, the same result as in figure 3.10  
but divided by 2 to provide softening as described in the text. Contours are drawn at
Ikcal/mol intervals.
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Figure 5.4: Potential Energy of the i —> 2 -t- 3 Interaction 
This shows the interaction energy between two peptides (separated by one intervening  
peptide, which is not included in the energy calculation) in a homo-conformer strand  
which is everywhere assumed to have the same 0, ip values. The interaction is 
(C o i, O c n  A ’/ft + l ,  Tf^ vt + l)  —> { N h x + S }  Hf . f i+3 , C o i + 2i O c i + 2)
The minimum, near (p =  —40", =  —40" corresponds to the strongest hydrogen bond
which would form if the intervening peptide could be safely ignored.
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Figure 5.5: Combined ê —> i -t- 2,z —>■ i +  3 Interaction 
This is a simple addition of the results 5.3 and 5.4- The minimum of the % % -t- 3
interaction is shifted to cp =  —60", ip =  —20" as observed in short 3io stretches in 
proteins, while in the (3 conformations the i-f-3 interaction adds further electrostatic
enhancement to the twisting.
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Figure 5.6: Combined i i +  2,i —> i' +  3 Interaction with Tertiary Bonds 
Adding the result from figure 3.12, xO.5 rather than the results in figure 5.3 gives a quick 
“sketch’’ of a more elaborate model in which tertiary bonding is allowed in extended 
conformations but not in helical ones. A full treatment would need to consider the 
potential energy of breaking the tertiary hydrogen bonds: this figure is just a device to 
show the effect of excluding the gamma turn i -> i +  2 hydrogen bond region.
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Figure 5.7: Potential Energy of the i i -f 4 Interaction 
This shows the same system as figure 5.4, but with two intervening peptides whose 
interaction is ignored. The minimum corresponds to the strongest hydrogen bond which 
can form under these conditions, at (p =  —55", ^ =  —55". An unfavourable ridge, caused 
by 0 {...Ni+ 4  repulsion, has become apparent, passing through the region 
(p =  —60", Ip =  —60". The interaction is 
{ C o i y O c i ,  N h i - } - ! ,  — >• { N H i - i - 4 ,  H ^ i  > . 4 , C o i - \ - 3 , O c i + 3 )
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Figure 5.8: P o ten tia l Energy of the i —>■ i -b 5 In teraction  
This is the interaction which should stabilise n helical conform ations,
{CoiyOciy N ni+ u  -> (A^//,+4, ^jv i+4, C'o.+a, Oci+a)- In  fa c t the best hydrogen bond,
around 4> = —65°, ip =  —65" is prevented by Oi.-.Ni^.^ repulsion. The rem aining  
m in im u m  lies at cp = —66°, ip =  —60", destabilised by the 0,-...A,+4 collision o f figure 5.7.
5.4. Conclusion: C oncerted strand-helix transition is energetically unfavourable. 105
irm:
Figure 5.9: Overall Potential Energy for Concerted Helix Formation.
This shows the result o f adding the 4 interactions i+2 to i+5 to give the energy per 
peptide o f a homo-conformer. The line shows the folding route o f figure 5.2. N otice the 
barrier to folding at 4> =  —90", ip =  30", the collisions preventing the fo rm ation  o f the tt 
helix at 4> = —66°, ip =  —60", and the absence o f any potential energy barrier between the
3io and a  conformations.
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Figure 5.10: T he Energy Profile of the S trand-H elix Transition.
This shows a ID  cross section o f taken along the line marked in figure 5.9, em phasising  
the presence o f a significant barrier to (3 3io folding from  'ijj =  +70 '' —30", the
absence o f any barrier to 3io —> cr folding from  if =  —30" —> —55", and the im possibility  
o f a  7T folding from  ip = —60" — —80".
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C h a p ter  6
T he Ends o f o-H elices and th e  
D ynam ics o f H elix Form ation
Since concerted, one-step folding o f strand to helix is unlikely in proteins, a model o f a 
stepwise process is developed, based on the sam e conform ational energy calculations as in 
the previous chapters.
In  the firs t stage, a 30 residue polypeptide in twisted beta strand conform ation has its 
centre changed to an eleven residue helix one residue at a tim e. Looking at the total and  
per-peptide energy o f this system  identifies a block to helix fo rm ation  at the C -term inal end  
o f the helix caused by O c~O c collisions. The effect o f this is to destabilise the whole C- 
term inal loop o f the helix. No comparable effect is seen fo r  the related Hm -H n  interaction  
at the N -term ina l end.
To provide a more realistic description o f the helix ends, a fu r th er  model is developed, 
in  which the end residues o f the fina l — a  — (3 structure are allowed to rotate freely. 
C onform ational energy calculations on this system  give a clearer picture o f the behaviour 
o f the ends o f helices while fo ld ing . The N -term ina l residues can convert from  beta to aljjha 
with ease, and the reverse, but the C -term inal residues are constrained to adopt turn-like  
conform ations.
Together, these results explain the observed hydrogen bond patterns (narrow ends, 
wide ends, and reverse ends) seen in m ost helices and fu rth er suggest that helix growth 
has a preferred C ’ to N ’ direction. Evidence fo r  this preference from  sidechain helix 
breaker/prom oter positions, water insertion, host-guest experim ents and protein  engineer-
107
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ing studies already exists.
6.1 In trodu ction
It has been shown th a t  s tran d  to  helix transitions are unlikely to  happen in a  concerted 
m anner, and th a t  m any of th e  properties of the polypeptide backbone can be described 
using th e  neu tra l-pep tide th ree  term  po ten tial of Lifson et al [23]. It rem ains to  be seen 
w ha t so rt of cooperative processes can explain th e  ease of helix form ation. If th is is not 
happening th rough  some repetitive s tru c tu ra l interm ediate , it m ust be happening th rough  
a  set of random  coil conform ations, w ith neighbouring residues in different conform ations 
a t  various stages th ro u g h o u t the process. This leaves a  com binatorial problem , w ith a 
2A^-dimensional space of possible conform ations where N  is the  num ber of residues which 
form  th e  helix or s tran d . One approach which can be taken is to  release the constra in ts  of 
th e  previous studies very carefully. Selecting the  constra in ts to  relax requires som e insight 
into the  system  under study, and th is is where struc tu res from  th e  Brook haven d a tab ase  
are invaluable.
Looking a t  helices from a wide range of proteins, it is possible to  identify frozen ele­
m ents of th e  helix form ing pathway, snapsho ts of th e  process which for some reason have 
been trap p ed  in in term ediate  conform ations. Such d istortions seem to  be ra re  w ithin he­
lices them selves, bu t it has long been recognised th a t  the ends of helices nearly always 
exhibit curious conform ations (see for exam ple, the  1981 review of R ichardson [3] and the 
study  of Baker & H ubbard [26]), and it is in these s tru c tu res  th a t  suggestions ab o u t the  
helix form ation pathw ay can be found.
6.2  O bservations: H elix—strand transitions
Four m ain classes of d isto rtion  are defined a t  helix ends, w ith th e  definitions based on 
a typical hydrogen bonding p a tte rn s. W ork by Rose e t al [38] has separated  these d isto r­
tions, and ends of helices which do not have d istorted  hydrogen bonding p a tte rn s , into 
m ore precise clusters, b u t as a s ta rtin g  point for the models constructed  here th e  broad 
definitions of the  ends are all th a t  is required.
Therefore, a set of helices from  10 proteins, all refined to  a  resolution of 2.0 A ngstrom
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or b e tte r, were taken and the  peptide to  peptide in teractions as studied in chap te r 5 were 
exam ined, using the  sam e po ten tial energy calculations as for th e  model s tru c tu res . T his 
gave a  sem i-quantita tive m easure of th e  significant in teractions in these proteins, and 
allowed a m ore flexible in te rp re ta tio n  of when a hydrogen bond could and could no t be 
said to  exist. This is a particularly  useful approach in the cases where hydrogen bonds 
were bifurcated, and a  single am ide hydrogen or oxygen could be said to  be partic ipa ting  
in a  hydrogen-bond-like in teraction  w ith two hydrogen bonding p artn e rs  a t any one tim e.
T he use of these energy calculations revealed m any more of these bifurcated  bonds, 
which are often missed by geom etric searches. T he results for the  helix d isto rtions are 
described in the  following sections: th is was not an exhaustive survey, ju s t an a tte m p t 
to  g a th er s tru c tu ra l d a ta  in a  sim ilar form at to  the models which were to  be developed. 
Im p o rtan t features of th is d a ta  were:
•  T he com m onest p a tte rn , an i +  3, i +  4 bifurcation a t  th e  N -term inal end of a  helix, 
is th e  least strongly  d isto rted . T he f +  3 p a r t of the  bond is usually very weak, which 
m eans th a t  th e  d isto rtion  is not significantly different from a norm al helix.
•  T he d istortions a t the  C -term inal end fall into th ree classes which together account 
for up to  80% of all helix C -term ini. M ost of the rem ainder are te rm in ated  by 
proline (which cannot m ake an N -H ...O = C  hydrogen bond) or aspartic  acid (whose 
side chain carboxyl group d isrup ts  th e  hydrogen bonding). It is these C -term inal 
s tru c tu res  which are concentrated  on in th e  next sections.
T he s tru c tu res  were identified by their hydrogen bond p a tte rn , then fu rth e r investi­
gated  by o ther techniques. T he energy of each peptide to  peptide in teraction  was calcu­
lated , and th e  individual contribu tions to  overall poten tial energy p lo tted  as m atrices to  
give a breakdown of the i+ 3 , i+ 4 , and i+ 5  contributions. T he p h i/p s i values were also 
calculated , and these were analysed to  find clusters where a single residue position in a 
p a tte rn  always had p h i/p si values w ithin a s tan d ard  deviation of 20" of th e  cen tre of the 
cluster. These clusters are p lo tted , and show how the end of th e  helix deviates from the 
classic a-helix  conform ation.
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6.2.1 N arrow C -term inal ends of helices
T he first class of end is characterised  by a  hydrogen bond p a tte rn  as shown in figure 6.2, 
w ith a  bifurcated i-j- 3 / i  +  4 bond followed by a single z +  3 bond. T his p a tte rn  narrow s 
the  loop of th e  helix.
T he existence of the  i +  3 bonds suggests th a t  th is type of end is closely related to  the  
3 /10  helix (as is th e  com m on N -term inal d istortion). This suggests th a t  this p a tte rn  is an 
exam ple of a  “frozen” folding in term ediate  based on the results of chap te r 5; th e  3io helix 
is on the  pathw ay from  extended s tran d  to  a  helix, and short 3io helices are stab le  in their 
own right. T he s tru c tu re  m ay represent th e  beginning or the  end of a  helix folding event.
T he p h i/p si values shown in figure 6.2 show th a t th is s tru c tu re  is indeed a  3io helix, 
w ith the  conform ation getting  closer to  th e  neck region (around ^ = 0 " )  tow ards th e  end.
F igure 6.3 shows the  in teraction  between each pair of peptides in residues 75-96 of 
d ihydrofolate reductase, which includes th e  narrow  helix end in figure 6.1. T he p a tte rn  
of energies shows how th e  stab ilisation mid-helix is given alm ost entirely  by i+4- hydrogen 
bonds w hereas a t th e  C -term inus th e  stab ilisa tion  is partitioned  between i+ 4  and i+ 3  along 
th e  last tu rn  of th e  helix. A sim ilar b u t less pronounced effect is seen a t  the N -term inal 
end.
Loops of th is class account for around 30% of helix C -term ini.
6.2 .2  W ide C -term inal ends of helices
T his class of end is characterised by the  hydrogen bond p a tte rn  shown in figure 6.4. It 
exhibits a bifurcated  i +  4 / i  +  5 hydrogen bond followed by a  single i +  5 bond. This 
p a tte rn  has th e  effect of widening th e  last loop of the helix.
T he hydrogen bonds alone suggest th a t  th is should be identified as a pi helix by analogy 
w ith th e  narrow  end described before. However, it has previously been shown th a t  such 
a  s tru c tu re  is v irtually  impossible, and in fact analysis of the  p h i/p si angles which define 
these ends in figure 6.5 shows th a t  it  is m ore closely related in conform ation to  th e  3 /10  
helix, w ith conform ations again on th e  d irect folding pathw ay from  s tran d  to  helix.
Figure 6.6 shows th e  energy in teraction  m atrix  between each pair of peptides in residues 
93-113 of hem erythrin . Again, notice th a t  while geom etric crite ria  only identify tw o i+5  
hydrogen bonds a t  th e  end of th is helix, the  real picture is m ore com plex w ith th ree
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Figure 6.1: A Narrow Helix C -term inal End 
Residues 82 ta 91 of dihydrofolate reductase (3DFR) show a bifurcated i ^  i +  3 ,4  
hydrogen bond then a single i i 3 hydrogen bond at the C-terminal end of helix E.
180
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Figure 6.2: </>, rp Values for Narrow Ends 
This figure shows the values of (j> and ip for the residues relative to their position in the 
hydrogen bonding pattern, as labelled in the inset, of narrow ends found in 10 high 
resolution crystal structures. The values show a simple transition from  
O' —> 3io ^  3io/neck at the helix ends.
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Figure 6.3: Peptide-peptide In teraction  Energies a t a N arrow  End 
This figure shows the interaction between each pair o f  peptides in residues 75-95 o f 
dihydrofolate reductase, including the narrow helix end in figure 6.1. The radius o f the 
circle is proportional to the potentia l energy o f the interaction, black fo r  negative 
(favourable), white fo r  positive (unfavourable). Absolute values o f the energy should not 
be taken as significant - the strongest here are around -5kcal/m ol fo r  a helical hydrogen 
bond, so the rest should be seen as relative to those values. A lthough on geom etric  
criteria  the helix end is an i i + 3 ,4  i i A  3 pattern, looking at the energies gives a 
less clear distinction, with the i+4 interaction still strong at the end.
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Figure 6.4: A Wide Helix C-terminal End 
Residues 98 ta 107 of hemerythrin show a bifurcated i -> i +  4 ,5  hydrogen bond followed 
by a single i ^  i A  5 hydrogen bond at the C-terminal end of helix MS.
peptide pairs exhibiting strong i-f5 interactions.
Loops like this account for a further 30% of helix C-termini.
6.2 .3  R everse C -term inal ends o f helices
The third class of C-terminal pattern is characterised by a hydrogen bond pattern as 
shown in figure 6.7, with a bifurcated i A ^ / i A b  bond followed by a single i-f  3 bond. This 
pattern reverses the last loop of the helix. Figure 6.9 shows the pattern of peptide/peptide 
interaction energies associated with it, which in this case are a simple match for the 
hydrogen bond definition of the pattern.
This structure is unusual, since one of the residues adopts a conformation which is 
nearly the mirror image of the alpha helical conformation, the so callled oci conformation. 
In fact, looking at the phi/psi values actually adopted (in figure 6.8) suggests that the 
conformation is closer to the mirror of the 3/10 conformation. Side chain atoms interfere 
with this conformation, so the residue in question must be either glycine or asparagine - 
in the example here it is glycine.
This hydrogen bonding pattern is referred to as a “paperclip loop” [11] and often 
appears on its own in the absence of other helical residues. This suggests that such loops
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Figure 6.5: (/>, Values for W ide Ends 
T his figure shows the wide ends, as defined by the hydrogen bonding pattern  defined in  
the inset, from  the sam e sample o f proteins as figure 6 .4 . The result is unexpected: the 
i+ 5 bond characterises the ir helix, and m ight be expected to be fo rm ed  by residues in the 
(j) PS —60'', PS —60" region o f the Ram achandran plot. In  fa c t the values fa ll around  
(j) — —110", =  —25" -  the 7T region is only required to fo rm  an extended helix o f these 
bonds. The dotted line connects the centres o f the three well defined (f>, 'ip clusters.
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Figure 6.6: Peptide-peptide In teraction  Energies a t a  W ide End 
T his shows the enei'gy o f interaction between each pair o f peptides in residues 93-118 o f 
hem erythrin  using the technique described in figure 6 .7.
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Figure 6.7: A Reverse Helix C-terminal End 
Residues 74-82 of actinidin show a bifurcated * z -f 3,4  hydrogen bond and a single i-f-5 
hydrogen bond at the C-terminal end of helix A3, a so-called ^"paperclip” loop.
could act as nucléation points for helices, while being stable in their own right if conditions 
for helix propagation are not favourable.
This class of loop accounts for 20% of observed helix C-termini from the sample.
6.2 .4  O bserved < f ) / \ f  d istribu tion s
Looking at the phi/psi values for the C-terminal residues in figures 6.2, 6.5 and 6.8, it is 
possible to see that some of the residues show distinct clusters of values, while others are 
more widely distributed, mostly in extended conformations. The figure shows the residues 
which could be assigned to clusters with standard deviations of less than 20°.
The most interesting feature of these plots is that the residues adopt a set of values 
which are in the classic 3/10 region, even in the wide ends when the bonds in question 
are not i-^ i  4- 3 bonds. Some sort of cooperative effect must be keeping the residues 
in a conformation which, as shown in chapters 3 and 5, has no particular stabilisation 
associated with it. The paperclip loop has one residue in the a^ conformation, which 
constrains the residues which can be involved to be either glycine or asparagine. This is 
the only type of end (excluding the “dead ends” which are capped by proline, glutamate, 
or aspartate) which shows such a strong sequence preference.
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Figure 6.8: i/? Values for Reverse Ends
C onform ations o f paper-clip loops at C -term ini. In  this case, there is a requirem,ent fo r  
residue 5 to be glycine or asparagine, since in order fo r  both i-h3 and i+ 5 bonds to be 
form ed this residue m ust adopt the conform ation.
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Figure 6.9: Peptide-peptide In teraction a t  a  Reverse End 
This shows the peptide interaction energies o f residues 70-90 o f actinidin, clearly showing  
the z z -}- 3, 4 and i -+ i +  b hydrogen bonds.
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An explanation for why these particu la r residues show such a s trong  tendency to  adop t 
th is  o therw ise unfavoured conform ation is clearly needed, and th e  next p a rts  of th is chap ter 
develop m odels of the ends of helices which give a very clear explanation of these p a tte rn s , 
provide a solution to  the  high energy barrier to  concerted folding, and suggest a  partia l 
solution to  one p a r t of the protein folding pathway.
6.3 M ethods: A nalysing regions o f th e  phase space o f  th e  
p olyp ep tid e  backbone
As explained before, the  phase space for th e  polypeptide backbone even w ith bond lengths 
and angles fixed has a num ber of dim ensions equal to  twice th e  num ber of residues. Even 
for a ten  reside stre tch  of backbone, th is represents a tw enty  dim ensional phase space, 
which is no t easy to  in te rp re t th rough  any display technique. Even if it were, calculating 
the  po ten tia l energy surface a t a resolution of 1.0^ would require 360^*  ^ calculations.
Some way of restric ting  th e  phase space while still allowing enough freedom to  find sig­
nificant stab le  (and destabilising) conform ations is required, and th e  observations reported  
in th e  previous sections suggest a way th is can be exam ined. It is possible to  carry  o u t a 
conform ational analysis of th e  peptide-peptide in teractions in any s tre tch  of polypeptide 
w hatever its conform ation. T he observation th a t  in teresting  p a tte rn s  of in teractions ap­
pear to  be concentrated  in the boundaries between regions of extended conform ation and 
a lpha helical conform ations identify a partia l restric tion which can be applied.
Since the  system  we are in terested  in is the  general case — a  -  /3, it is possible to  
look a t  th is system  in isolation, generating th e  coordinates for a num ber of residues in a 
b e ta  conform ation, then  investigating th e  effect of folding individual residues in to  a  helical 
conform ation. Since there is an in teraction  leading to  d istortions a t  b o th  ends of helices in 
real proteins, and these seem to  be dependent on d istinct p a tte rn s  of z-|-3, z-f-4, and z-f-5 
in teractions, it is likely th a t  these effects are dependant on the num ber of residues which 
are in th e  helical conform ation - th e  z -T 4 in teraction requires th ree  intervening residues 
to  adop t a  helical conform ation, the  z -f 5 requires four, so only when enough residues are 
in the  alpha conform ation can th e  in teractions s ta r t  to  have a  stabilising effect.
T he calculations on th e  models constructed  are based on th e  Lifson e t al force field 
param eters , assum ing net neu tra l peptides which can be trea ted  as isolated units. Each
Î
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Residue 1-9 10 11 12 13 14 15 16 1 7 18 19 20 21 22-30
Peptide 1 /? P P P P P P P P P P P P P
Peptide 2 0 P P P P P P P P P P a P P
Peptide 3 0 P P P P P P P P P a a P P
Peptide 4 /? P P P P P P P P a a a P P
Peptide 5 0 P P P P P P P a a a a P PPeptide 6 (3 P P P P P P a a a a a P P
Peptide 7 P P P P P P a a a a a a P P
Peptide 8 P P P P P a a a a a a a P P
Peptide 9 P P P P a a a a a a a a P P
Peptide 10 P P P a a a a a a a a a P P
Peptide 11 P P a a (X a a a a a a a P P
Peptide 12 P a a a a a a a a a a a P P
Table 6.1: C onform ation of te s t peptides
peptide is labelled as belonging to  the  residue which provides th e  N-H group, so a  pep­
tid e /p ep tid e  in terac tio n ’s sequence difference does not necessarily m ap directly  to  th e  
i,i+ n  nom enclature for hydrogen bonds. For the  per-peptide energy, th e  con tribu tion  of 
all th e  o ther peptides to  th e  po ten tia l energy of the peptide in question is sim ply sum m ed: 
th is is equivalent to  adding together all of th e  values in one row or colum n of th e  m atrix  in 
figures 6.3, 6.6 or 6.9 and assigning them  to  the  residue which labels th a t  row or colum n. 
In th is way a m ore detailed p icture th an  the  overall chain energy can be obtained .
6.4  R esu lts: M easuring th e  energy assoc ia ted  w ith  helix  
grow th
Table 6.1 shows the  conform ations of the m odel helices used, and F igures 6.10, 6.11, and 
6.12 show th e  results of carry ing ou t the energy calculations for each conform ation. T he 
results show how the  stab ilisa tion  per residue changes as a 30-residue b e ta  s tran d  has one 
residue a t a tim e transform ed in to  an a lpha helical conform ation, ending w ith an eleven- 
residue helix em bedded in th e  s tran d . T he results explain a num ber of featu res of helix 
form ation.
T he transfo rm ation  proceeds one residue a t  a  tim e, s ta rtin g  from  residue tw enty  and 
working backw ards th rough  th e  chain until a ten-residue helix has been formed. A lthough 
th is effectively m eans th a t  th e  grow th direction has been fixed, th is is no t m eant to  be 
implied by th e  sim ulation stra tegy : the overall energy of the  b e ta  s tran d  conform ation 
is constan t a t around -1.8 kcalm ol"^, and moving the position of the  helix backw ards or
S
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forw ards by one or m ore residues would have no effect on the overall po ten tial energy of 
th e  system .
T h e  im p o rtan t features of these results are best seen by looking a t the  residue-by­
residue energy of th e  chain w ith a  ten-residue helix, in figure 6.12. T his has four different 
environm ents, and each has som ething significant to  say abou t th e  helix. F irs t, th ere  are 
th e  “pure” s tran d  (residues 3-8) and helical (residues 24-28) regions, w here th e  po ten tia l 
energy per peptide is roughly constan t. This shows th a t  the s tran d  conform ation on its 
own, although stabilised by gam m a-tu rn  type in teractions and th e  o th er forces described 
in chap te r 3, has only a fraction of the stab ilisation of the  a lpha helical residues. T his is 
only to  be expected, though, in th e  absence of sheet in teractions which would be present 
to  provide ex tra  stab ility  for th e  s tran d  residues in a real protein. T he significant fea tu res 
are the  two ends, th e  interfaces between s tran d  and helix.
T he N -term inal end shows a  d istinc t step , a  region of low stab ilisa tion , for th e  th ree  
residues a t  th e  end of th e  helix. These are residues which can only m ake one hydrogen 
bond, so their stab ilisa tion  is roughly half th a t  of the  o ther helical residues. T his is not 
a ltogether unexpected, and illustra tes quite clearly th e  driving force which d is to rts  these 
ends and gives them  their tendency to  form bifurcated hydrogen bonds or to  bind to  side 
chains: th e  loose N -H  groups represent “sticky ends” to the  helix, and m oreover ends which 
could have their hydrogen bonds satisfied by simply folding up a  few m ore residues in to  the 
helical conform ation: th is would always provide g reater stab ilisa tion  unless th e  residues 
in question already had o ther hydrogen bonding partners which had to  be displaced.
T he C -term inal end m ight be expected to  be ju s t the converse of th a t ,  w ith  half the  
binding energy because of th e  free C = 0  hydrogen bonding groups. In fact th e  situation  
is entirely  different. T he plot shows a pair of peaks, one for residue 19 w ith a stab ilisa tion  
of only -0.3 kcalm ol"^, which is actually  a destabilisation  relative to  the b e ta  s tran d  
“ground s ta te ” of 1.4 kcalmol"^ , and one for th e  peptide associated w ith residue 22 
w ith a net destabilisation of 0.9 kcalmol""^, a full 2.7 kcalmoN^ above the  ground s ta te  
b e ta  conform ation.
T his is clearly an indication th a t  some factor o ther th an  hydrogen bonding is affect­
ing th e  C -term inal ends of helices, and suggests th a t  the  “sticky end” p icture of easy 
increm ental grow th a t th e  N -term inal end is not applicable a t  th e  C -term inal. T here  is a 
destabilising in teraction  between th e  peptides of residues 19 and 22: th a t  of 19 is stabilised
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in one direction by a hydrogen bond so has less net destabilisation.
T he situa tion  is even s ta rk e r when fewer residues are in helical conform ations. For sh o rt 
helices, the  weakening of the  N -term inal end of the helix and th e  unfavourable in teraction  
a t th e  C -term inal end com bine to  give little  or no net stabilisation to  sh o rt helices. One 
or tw o residues on their own adopting  the  helical conform ation produce a region of high 
p o ten tia l energy, a very strong  destabilisation of the  s tran d , even though  analyses based on 
th e  R am achandran  plot energies of th e  alanyl and glycyl d ipeptides suggest th a t  the  a lpha 
conform ation is intrinsically stable, a  m inim um  on the peptide po ten tia l energy surface. 
Even helices of four residues are no m ore stab le  th an  the  isolated s tran d  (hgure 6.13 shows 
th e  to ta l energy of the peptides). Some concerted effect of including o ther elem ents of the 
chain m ust destabilise sh o rt a lpha helices. This cannot be a  side chain effect, because the  
polypeptide considered here is polyglycine.
6.4.1 This identifies an unstable conform ation
T he question then  becomes, w hat is th e  destabilising interaction? T he restric ted  Lennard- 
Jones m ethod was developed to  find stabilising electrostatic  in teractions, b u t has been 
able to  identify an unfavourable in teraction  too. M ore detail is required, though, and the 
results are am enable to  breakdow n (similar to  the study  in chap ter 4), because th e  energy 
calculations use a  peptide as a basic un it ra th e r th an  a ttem p tin g  to  get a quan tita tively  
accura te  energy for th e  whole chain.
In fact for th is case a reproduction of th e  in teraction m atrix  is no t required. T he m ain 
contribu tion  is a  collision between th e  peptides associated w ith residues 19 and 22, and the  
collision in question can be clearly seen by visualising th e  system  w ithou t breaking th a t  
in teraction  down in to  atom ic com ponents. T he amide oxygen of the peptide associated 
w ith 19 has generated  a clash w ith the am ide oxygen associated w ith residue 22 (in fact, 
these are the  carbonyl groups of residues 18 and 21 respectively). A clean s tran d  to  helix 
tran sitio n  is sim ply no t possible a t  the  C -term inal end of an a lpha helix, since it would 
generate  a clash between two large atom s bo th  w ith significant negative partia l charges. 
T he  clash is shown in figure 6.14.
An explanation of why th e  C -ter mini of a lpha helices d is to rt has therefore been pro­
vided. T he question which rem ains is why the  particu lar d isto rtions seen are stab le , and 
w ha t im plications th is has for he protein folding pathway.
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Figure 6.10: P er-peptide S tabilisation of S hort Helices 
This figure shows the sum  o f all peptide to peptide interaction energies fo r  the fir s t fo u r  
peptides in table 6.1. The baseline -1.8 kcal/m ol is drawn in fo r  the all-beta 
conform ation, peptide 1, and all changes in potential energy are m arked relative to this.
Peptides 2,3, and 4 represent 1, 2, and 3 residues adopting the alpha conform ation  
respectively. The fir s t two short helices are unstable relative to the strand, and even in 
peptide 4 the conform ational energy is dom inated by the unfavourable in teraction between
the peptides o f residue 19 and residue 22.
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Figure 6.11: Per-peptide stab ilisation of M id-length Helices 
Peptides 5 to 8 o f table 6.1 have 4>h,6, and  7 hydrogen bonds respectively, and it would be 
expected that these should show considerable stabilisation. In  fact, peptides 5 and 6 are 
still dom inated by the destabilisation which shoioed its peak in peptide f ,  and this does 
not disappear in the longer helices, even when the peptide o f residue 19 is stabilised by 
hydrogen bonding to the peptide o f residue 16 (the i+4 hydrogen bond, three residues 
apart in  this model because the C = 0  o f residue 15 has been assigned to residue 16 fo r
this calculation.)
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Figure 6.12: P er-peptide stabilisation of Longer Helices 
P eptides 9-12 o f table 6.1 are 8 to 11 residues long, and should be dom inated by strong  
hydrogen bonds. However, two features are clear -  first, that the N -term ina l is less stable 
than the body o f the helix, as expected since each peptide only participates in one out o f 
the possible two hydrogen bonds, and second that the unfavourable interaction at the 
C -term inal end has been “frozen in” rather than weakened by chain lengthening.
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Figure 6.13: T otal S tabilisation of Peptides 1 to  12 
This figure shows the sum  o f all the peptide-peptide interactions as a single value fo r  
each o f the peptides in table 6.1. The feature o f note is the instability o f 1, S, 3, and 4 
residue a  helices: only when 5 or more residues adopt and a^. conform ation does the 
system  have significant enthalpic stabilisation relative to the strand conform ation.
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Residue 1-9 10 11 12 13 14 15 16 17 18 19 20 21 22-30
Peptide 1 P Vc a a a a a a a a a a P P
Peptide 2 P a a a a a a O f a a a ■k P P
Peptide 3 P a a a a a a a a a * ■k P P
Table 6.2: C onform ation of peptides w ith free ends 
6 .4 .2  A n d  s u g g e s t s  w a y s  i t  c o u ld  b e  a v o id e d
One s tra teg y  for overcoming th e  steric and electrostatic  0 - 0  repulsions has already been 
identified: sim ply building one of th e  th ree  types of C -term inal loop in to  th e  m odel would 
remove th e  collision, which is never seen in real protein s tru c tu res  for th is reason. A 
fuller explanation  would be preferable, however. Peptide 12 from tab le  6.1 now acts as 
th e  s ta rtin g  point for a  new set of constra in ts -  a purely helical region of polypeptide 
changing to  a  region of pure s tran d  -  the  challenge is to  develop a  system  which fulfils 
these constra in ts  bu t can still represent th e  d isto rted  ends. T he sim plest th ing  to  do is 
to  free th e  p h i/p si values of th e  interfacial residue and see how th e  po ten tial energy then 
changes as th is one residue changes conform ation.
Table 6.2 shows th ree  system s which m odel th is interface. W ith  peptide 12 from  tab le
6.1 as s ta rtin g  point, one or m ore residues are relaxed and allowed th e  full 360" range of 
ph i/p si values. T he free residues are m arked w ith stars.
Potential of Free Rotation for the N-terminal Residue.
Figure 6.16 shows th e  po ten tial energy of peptide 1 from tab le 6.2, w ith the  N -term inal 
residue free to  ro ta te  and the rest of th e  peptide conform ation frozen. T he result is a 
po ten tia l energy surface which shows no barrier along the  pathw ay from b e ta  s tran d  to 
a lpha helix, and indeed shows th e  stab ility  relative to  th e  (un-solvated) s tran d  of form ing 
an e x tra  helical hydrogen bond. T he m inim um  covers the  a rea  of a  and 3io residues 
equally, which is how th e  bifurcated hydrogen bonds a t the N-caps of helices are allowed.
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Potential of Free Rotation for the C-terminal Residue.
Figure 6.17 shows th e  sam e system  b u t this tim e for peptide 2 in tab le  6.2, th a t  is to  say 
w ith th e  C -term inal residue free to  ro ta te .
T he resulting ph i/p si plo t shows th e  preferred conform ation of a  single interfacial 
residue. T he m inim um  is very clearly in the  “neck” region of the R am achandran  plot,
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a region which was originally classed as excluded, then allowed by bond d isto rtion  and 
weakening of the  original hard  sphere constra in t as it becam e clear th a t  it was a consis­
ten tly  significant feature in th e  d istribu tion  of ph i/p si values in crysta l protein s tru c tu res . 
I t  is closely related to  the  3 /10  region, although it has a slightly higher f  value, and has 
som e stab ilisa tion  th rough  possible + ^  hydrogen bonding, bu t its m ain stab ility  comes 
from  it sim ply lying roughly m idway between extended and helical conform ation. If the 
in terfacial residue were in either of those tw o conform ations, th e  interface would be “pure” 
again and 0 - 0  th e  repulsion would have full force. T he m inim um  m ust lie elsewhere, a 
3 /10  type conform ation could provide weak stabilisation effects which favour th is region.
T he effect of adopting  th e  3io conform ation is shown in figure 6.15: an i-|-3 hydrogen 
bond is form ed and th e  collision is com pletely relieved.
Potential o f Free Rotation for Paired C-terminal Residues.
C -term inal d istortions usually involve 2 or m ore residues. However, se tting  two residues 
free gives a 4-dim ensional phase space, im possible to  visualise. Coupling th e  0, f  values of 
th e  two residues -  in th is case, keeping them  everywhere equal -  allows a  2D represen ta tion . 
T his shows how the  narrow  end gives a clear single m inim um  for th e  pair of C -term inal 
residues in th e  3io conform ation.
6.5 C onclusions: H elix  grow th  has a preferred C ’ to  N ’ d i­
rection
T he observed s tran d  helix transitions w ith irregular hydrogen bond p a tte rn s  and the 
existence of sh o rt 3io helices can be explained in term s of the in teractions destabilising  a  
s tan d a rd  helix em bedded in a  s tran d . Some d istortions would be expected in any case, 
to  perform  a  tidying operation  on the loose ends of th e  helix: and it is possible th a t  th is 
is w ha t is seen a t the N -term inal end of th e  helix. T he m ore extrem e p a tte rn s  a t  th e  
C -term inal end arise from  the  need to  relieve the  O f ,  O ^g  collision.
C h ap ter 5 suggested th a t  th e  3io helix would always fold to  a  helix; the  results of th is 
ch ap te r re in sta te  it som ew hat, since a  helices of 5 or fewer residues are destabilised by 
th e  collision identified here. T his explains th e  observed partition  between 3io and cr helix 
lengths, w ith 3io < 5 residues long and ct > 5 residues long in general.
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Figure 6.14: T he Unfavourable In teraction  a t  the  C -term inus of an a lpha Helix. 
This figure shows part o f peptide 12 from  table 6.1. The source o f the unfavourable 
interaction between peptides 19 and 22 is im m ediately obvious as a combined  
coulom bic/steric repulsion between Ofg and  O f,.
F igure 6.15: Relaxing the  unfavourable in teraction a t  the  Helix C -term inus. 
Figure 6 .14 suggests an easy solution to the 0{ -4^0,+3 clash: sim ply changing the 
conform ation o f residue 20 from  a  to a 3\q or neck conform ation relieves the collision  
and can even provide a palliative i-i-3 hydrogen bond.
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Figure 6.16: P o ten tia l of Free R otation  for the N -term inal Residue.
This plot shows the total potential energy as a function  o f <f>, ip fo r  a peptide with the 
constraints o f en try 1 in table 6.2. This is a peptide with backbone fixed in a /3 — a  — p  
structure like peptide 12, but with residue 9 free to move. It clearly shows that (for 
non-glycine residues) there is no significant barrier to folding P a ^  at the N -term inus  
o f an a  helix, and in fa c t fo r  these residues the helical conform ation is strongly favoured
over extended conform ations.
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Figure 6.17: Potential of Free Rotation for the C-terminal Residue.
This figure shows the effect o f keeping all param eters other than the conform ation o f 
residue 20 (the Helix C -term inal residue) fixed. The unfavourable interaction present 
when the pattern  is 19a — 20a — 21fi is also present when the pattern  becomes 
19a — 20/) — 21/), moved along one residue. It is expected that a value between a  and  /), 
somewhere in the “neck” region around  '0 =  0" would be favoured, and this is seen; but 
strikingly this sim ple model also predicts stable conform ations with i+ 5 and reverse i+4^^ 
hydrogen bonds (although the predicted i-t-5 bonds are in a region o f  0 , 0  pha.se space
rarely occupied.
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Figure 6.18: P oten tia l of Free R otation  for Paired C -term inal Residues.
This figure shows the sam e system  as in figure 6.17, but this tim e with two residues 
coupled but free to rotate at the end o f a helix. This provides a single m in im um  in the 
3io region o f the Ramachandran plot fo r  the pair o f residues.
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T he m ost significant conclusion which can be draw n from th is chap te r is th a t  there  is 
evidence for th e  possibility of, and also a  preferred direction for, stepwise helix grow th.
G row th  a t the  N -term inal end of a helix is easy, provided no side chain or te rtia ry  
effects interfere w ith th e  hydrogen bonding p a tte rn . T here is no energy barrier, and the  
helical form  is m ore stab le  th an  extended or random  coil a lternatives.
T he C -term inus, on th e  o ther hand, requires cooperative d isto rtion  to  overcom e an 
energy barrier caused by the  O f ,  O f .3 collision.
These properties suggest th a t  helix grow th may have a preferred C  to  N ’ direction. 
This is im p o rtan t enough to  m erit searching for experim ental techniques which could verify 
w hether it is true: and there  is am ple evidence supporting  th is in te rp re ta tio n  in studies 
by o ther researchers.
How amino acid insertions are allowed in an a helix
Heinz e t al [39] studied th e  s tru c tu ra l effects of inserting residues into an a lpha helix of 
phage T 4  lysozyme. T hey found th a t insertions are allowed in two ways: in som e cases 
inserted am ino acids are accom m odated w ithin the helix leading to  th e  transloca tion  of 
w ild-type residues to  th e  preceeding loop, in o thers a looping ou t of th e  residues a t  the  
N -term inal end is seen.
Insertions of up to  3 A lanine residues in the middle of helix 39-50 of W T*(cysteine 
free) T4 lysozyme led to  transloca tion  of th e  N -term inal residues into th e  N -term inal loop. 
Only insertions right a t  the  C -term inal led to  d istortions in th e  C term inal d irection, and 
th is was a result of d isruption  of a loop (looping out) ra th e r th an  transloca tion . No 
transloca tions tow ards th e  C -term inus were seen in any of th e  m u tan ts .
Insertions did no t increase th e  length of th e  helix, instead d isto rtions up to  1 nm  away 
were seen. Helix length is determ ined by th e  packed interface w ith th e  rest of th e  protein 
ra th e r th an  sim ply by effects a t  th e  helix ends.
Amino acid preferences for specific locations at the ends of alpha helices
Reviews by R ichardson & R ichardson [37] and Rose et al [38] clearly dem o n stra te  th a t  
several types of residue cluster a t specific points in relation to  th e  ends of helices. To 
decide w ha t role these residues play in folding it would be necessary to  distinguish helix 
breakers from  prom oters, a difficult ta sk  from  s ta tic  s tru c tu res  alone.
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It is possible to  d iscrim inate on th e  grounds th a t  a  capping helix breaker residue ac ts 
either on th e  N -term inal end, or th e  C -term inal end, and rarely bo th . This suggests th a t  
a  helix which is growing in one direction b u t m eets a cap residue for th e  “w rong” end will 
no t be affected.
This effect would be observable in differing sta tis tics  for cap residues: helix breakers 
are residues which have an increased preference above m ean frequency for the  caps b u t 
below m ean for th e  body of the  helix, while prom oters would have a  near or above average 
preference for the  helix body.
In fact, th e  p a tte rn  shows th a t  th e  N-cap residues are breakers. Gly is a helix breaker 
w ith C -cap preference, b u t we have already seen th a t  it form s an im p o rtan t loop which can 
exist on its own and could therefore be a nucléation point. P ro , Asn, Gin, Asp and Glu 
all have N-cap preference and below m ean mid-helix preferences -  so they  can be classed 
as helix breakers. Lys and Arg and His are C -cap residues, and have higher th an  m ean 
mid-helix preferences, and could therefore be classed as helix prom oters. T he position 
relative to  th e  cap residue are much m ore clearly defined for th e  breaker residues th an  for 
th e  prom oters, suggesting th a t  their effect is either m ore well defined or th a t  th e  C cap 
residues play their role early in folding, before final rearrangem ents to  se ttle  th e  s tru c tu re  
are  com plete.
Water inserted alpha helical segments
Sundaralingam  and Sekharudu [40] surveyed w ater inserted a lpha helical segm ents and 
reached th e  conclusion th a t ,  as these insertions were seen in typical a-like reverse tu rn  
conform ations, w ater could catalyse th e  folding of alpha helices by form ing links between 
th e  C =O i and N-H^^^ groups which initially stabilise th ree centre C = 0 —>H2 0 -4 'H -N  sys­
tem s and then  be expelled as th e  i-4-1+4 bond is formed.
O f th e  33 cases where w ater was inserted  into an i-4 i+ 4  bond, 26 /33  were N -term inal 
(betw een N-3 and N + 3), 4 /33  were w ithin the  body of th e  helix, and 3 /33  were C term inal.
If these are indeed frozen folding pathw ay in term ediates, it m eans th a t  th e  N -term inal of 
a  helix is som e 7 tim es m ore labile th an  th e  C term inal end, and m ore prone to  fraying 
either during helix folding or unfolding.
(It would be in teresting to  construc t a model of early stages of helix nucléation, even
■ I . . -
assum ing a  sim ple m odel such as th e  one developed here, and investigate th e  effects of
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possible ex ternal w ater binding on th e  transition  s ta tes  and stab le  m inim a.)
Evidence from Protein Engineering
F ersh t e t al [41] have shown th a t  in barnase, m utations TAG and TA26 (using stopped  flow 
fluorescence spectroscopy and folding kinetics) have a very sm all effect on in term ediate  
and tran sitio n  s ta te s  of folding, bu t a significant effect on the  stab ility  of th e  folded s ta te . 
These are helix N-cap residues. In co n tra st, m utations TS16 and HQ18 destabilise all 
th ree  postu la ted  s ta tes  on th e  folding pathw ay. These are C cap residues.
C om plem entary  nm r experim ents [42] show th a t in helix T6-H18 th e  C -cap hydrogen 
atom s are pro tected  against deu terium  exchange early on in folding, and likewise two C-cap 
H a tom s in helix T26-G 34. In neither helix were atom s between N and N + 3 pro tected .
Together, these two pieces of evidence suggest th a t  th e  C-cap form s its final s tru c tu re  
long before th e  folding is com plete, while the  N-cap is either unfolded or rem ains free to 
fold and unfold repeatedly  until th e  final s tru c tu re  of th e  protein is defined.
P a rt II
Som e Factors Stabilising P rotein  
Tertiary Structures, and N ovel 
Techniques for Exam ining T hem
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C h a p ter  7
Tertiary R ing Structures 
Stabilising P roteins
Hydrogen bond fo rm ation  is one o f the strongest constraints determ ining the allowed sta tes  
o f folded proteins, so it is to be expected that m any o f the im portant stabilising in teractions  
can be identified by identifying the hydrogen bonding patterns associated with them . This 
is already known fo r  m ainchain-m ainchain  interactions, and fo r  sidechain-m ainchain hy­
drogen bonds in loops and secondary structure elements, but extending such searches to 
tertiary sidechain-m ainchain and m ainchain-m ainchain interactions has been a laborious 
m anual task in the past.
This chapter presents a method fo r  autom ated searches o f hydrogen bond databases 
to fin d  specified patterns o f hydrogen bonds based on topology, atom  types, and sequence 
separation. The firs t result o f this search technique is the assessm ent o f the significance and  
rate o f occurrence o f rings involving m ainchain hydrogen bonding to both the sidechain 0 ^  
and syn -H ^ o f asparagine and glutam ine residues. These are fo und  to be very com m on (1-2 
per pro tein) and typically occur in 9- or 11-membered rings which constrain the m ainchain  
residues involved to adopt extended or strand conform ations.
It is possible these rings represent a long range sidechain mediated effect o f tertiary  
in teractions on local backbone structure. They are also com m on in binding o f peptide 
substrates, where they serve to constrain backbone rotations and define the conform ation  
o f the bound peptide.
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7.1 In troduction
A lthough a  detailed understand ing  of the conform ation of the  polypeptide is v ita l, and 
all of the  features described in previous chapters have relevance to  th e  pathw ay of protein 
folding, in the  final analysis it is protein sequence, and hence the  sidechains, which d e ter­
mine th e  final fold of the  protein. T here has been considerable work on the local effects 
of side chain to  m ain chain hydrogen bonding, and m any surveys of individual long range 
hydrogen bonds.
Clearly, hydrogen bonds are significant in determ ining folding p a tte rn s, bu t o ther fac­
to rs  such as hydrophobic effects m ay well be im p o rtan t too , and it is hard  to  assess the  
relative im portance of different stabilising in teractions. C learly they  need to  be identi­
fied and classified, b u t if they  are to  be said to  be having a  significant d irecting  effect 
on protein folding they m ust be shown to  be conserved in teractions. M any apparen tly  
strong  in teractions, such as sa lt bridges, have a  surprisingly low degree of conservation as 
com pared w ith m ain chain hydrogen bonds which show how well backbone s tru c tu re  is 
conserved. Any hydrogen bonds which have a  strong  effect on te rtia ry  s tru c tu re  will bo th  
be conserved and have some distinctive properties which show they  are influencing the  
backbone conform ation, ra th e r th an  ju s t occurring opportunistically , binding externally  
to  s tru c tu res  which already exist.
7.1.1 The stab ility  o f hydrogen bonded rings
W hile individual hydrogen bonds m ay or may not be exerting a significant s tru c tu ra l 
influence, som ething which is hard  to  decide from a  s ta tic  s tru c tu re , any hydrogen bonding 
p a tte rn  which form s a ring is likely to  be significant because its form ation requires several 
atom s to  be constrained into a roughly fixed geom etric arrangem ent, often constra in ing  
several bond ro tations, w ith a  concom itantly  high entropie cost. Any ring which is present 
in a  folded protein is likely to  be exerting a strong  directing effect on th e  local s tru c tu re .
7.2 M ethods: A nalysin g hydrogen bond datab ases
T here is a  huge am ount of hydrogen bonding inform ation im plicit in the  B rookhaven 
protein d a ta  bank [12], and this has been the  sub ject of a num ber of exhaustive reviews
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(see eg B aker & H ubbard 1984 [26] and Kabsch & Sander 1983 [20]): in the  case of 
th e  survey of Kabsch and Sander, the  results are developed in to  a d a tab ase  of hydrogen 
bonding and o ther s tru c tu ra l param eters  com plem entary to  the  Brookhaven database . 
None of these works represent an a tte m p t to  tab u la te  all the  hydrogen bonds in proteins, 
although th is is in practice easy even w ith relatively m odest com puting resources.
T he work of P oet, M ilner-W hite, and B elhadj-M ostafeda [10] focused on identifying 
hydrogen bonds and m aintain ing a  list of them  for each protein as an aid in visualising pro­
tein  s tru c tu re . This code already had all the  d a ta  stru c tu res required to  identify residues, 
generate  hydrogen bonding hydrogen atom  positions, and identify hydrogen bonds using 
the  geom etric crite ria  of B aker & H ubbard . This formed a program  which was extended 
for th is study  to  generate an exhaustive d a tab ase  of hydrogen bonds in 68 proteins, which 
then  form ed th e  basis for the  analyses in th is and subsequent chapters.
7.2.1 L ists of hydrogen bonds
Any d a tab ase  has to  be constructed  w ith a little  care, in particu lar tak ing  into account the  
way in which it will be used to  find p a tte rn s. T he DSSP files have a fixed num ber (2, in 
fact) of fields to  represent m ain chain hydrogen bonds, and for exam ple could never identify 
a  th ree  cen tre hydrogen bond in a protein - not a  common s tru c tu re , bu t nevertheless 
one which occurs from tim e to  tim e. Each hydrogen bond needs to  be labelled w ith its 
type (sidechain-sidechain, sidechain-m ainchain, or m ainchain-m ainchain), th e  donor and 
acceptor residues, and th e  atom s involved. Ideally the  hydrogen atom s involved should be 
labelled too, to  distinguish which one is involved in a  hydrogen bond when there  is m ore 
th an  one possibility (for exam ple, th e  case of syn  and anti am ide hydrogens exam ined in 
th is chap ter).
It is useful when using geom etric criteria  to  present the hydrogen bond lengths and 
angles, because when investigating new stru c tu res  th is helps to  identify p a tte rn s  which 
only consist of borderline s tru c tu res  and can focus the researcher on those which show 
strong , distinctive hydrogen bonding p a tte rn s.
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7.2.2 E xhaustive lists w ith  energetics
T he o ther side of th is is th a t  a sim ple geom etric description often misses significant in ter­
actions, especially when the  electrostatics of whole groups ra th e r th an  ju s t th e  hydrogen 
bonding partners is taken into account. P a r t  I has shown several significant in teractions 
which are only explained w ith a  full energy calculation, and it is to  be expected th a t  a wide 
range of in teractions as yet unidentified will become apparen t when system s are trea ted  
m ore realistically. C h ap ter 4 shows how im p o rtan t taking into account the  partia l charges 
across all the  atom s can be.
However, som e restriction has to  be m ade on the in teractions which are recorded if 
any in te rp re ta tio n  is to  be possible. A full list of all the in teractions between side chains 
and peptides would require 2 N { 2 N  — l ) / 2  recordings. This is certain ly  possible (indeed 
it is done routinely during m ost m olecular dynam ics sim ulations), b u t m eans th a t  any
search for a  given s tru c tu re  gives rise to  a huge num ber of possible m atches, each of
.which then  has to  be accepted or discarded using some criterion, usually th e  energy of 
th e  in teraction; bu t if the lowest energy a t  which an in teraction becomes significant is 
no t clear -  especially when o ther factors such as the  entropie contribu tion  of restric ted  
flexibility become im p o rtan t -  a simple m easure of enthalpy may not be enough.
For th is reason, it seems reasonable to  base initial searches for s tru c tu ra l p a tte rn s  
on th e  “best guess” for a stabilising s tru c tu re  - which often m eans a  p a tte rn  based on 
hydrogen bonds, even when m any o ther types of elec trostatic  effect are ac tually  taken  
into account in the  final analysis. Sim ply loosening the  geom etric criteria, for exam ple 
allowing C —O...H  and N -H ...O  angles of up to  180" and extended H ...0  d istances of up 
to  5 A ngstrom , catches nearly all hydrogen-bond-like e lectrostatic  in teractions, and gives 
a se t which can then  be analysed and then  classified - possibly ju s t w ith slightly wider 
acceptance criteria, possibly w ith a purely enthalpy based cutoff, or perhaps w ith ph i/p si 
constra in ts  on donor, acceptor and in term ediate  residues.
This is the  approach which was used in chapter 6 to  identify th e  p a tte rn s  a t th e  C- 
term in i of a lpha helices; the  geom etric rules of Baker & H ubbard and th e  elec trosta tic  
calculations of Kabsch & Sander both  failed to  identify a  significant p roportion  of the  
hydrogen bonds which defined these s tructu res. Using the 9-6-1 po ten tia l, it was possi­
ble to  select an enthalpic criterion, sim ply excluding peptide-peptide in teractions below
'I
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1.5 kcaIm ol“ E As explained before, these energies are likely to  be innacurate , by a t  least 
10%, bu t they  provide a  very useful qualita tive discrim inant. In th e  case of the  C -term inal 
p a tte rn s, it was possible to  verify the  significance of these s tru c tu res  by looking a t  the 
p h i/p si angle d istribu tion , and in m ost cases it m ust be hoped th a t  som e sim ilar secondary 
verification of the  stru c tu re  can be found.
7.2 .3  Searching for hydrogen bonding patterns
Once a  wide range of hydrogen bonds has been collected in a da tabase , it is possible to  
look a t  hydrogen bond p a tte rn s  in a  range of proteins very quickly. It is crucial th a t  
th e  hydrogen bond d a ta  be stored  as tex t files (ra ther th an  in teractively  generated  from 
w ithin a  protein visualisation package, for exam ple), so th a t  searches can take advantage of 
d a tab ase  softw are or a UNIX environm ent which has been optim ised for fast file processing.
For exam ple, in th e  work described in the  next section and in th e  accom panying paper 
of Le Q uestel et. al. [17], a  possibly significant s tru c tu re  was identified visually using 
th e  program  Sybyl. A fast survey of a se t of 68 proteins was then  required to  see if 
these s tru c tu res  were com m on, if related  s tru c tu res  occurred with any frequency, and if 
the  p a tte rn  could be said to  be com m on enough to  be m ore th an  ju s t a s ta tis tica l effect. 
C arrying ou t the  full survey would have taken  m any weeks using in teractive softw are and 
searching for each p a tte rn  visually. Each protein could be searched in a  few seconds using 
te x t based hydrogen bond files, and the  search of the  whole d a tab ase  could be au tom ated  
allowing m ore tim e for the  s tru c tu ra l analyses and searches for re la ted  s tru c tu re s  in o ther 
biomolecules.
T he search itself is easily carried ou t using softw are w ritten  in C. Each p a tte rn  can be 
defined in term s of a few hydrogen bonds. One hydrogen bond is defined as th e  r o o t ,  and 
identified by the residue types acting as donors and acceptors, the  residue atom s which can 
be involved as donor and acceptor, and the  crite ria  used for accepting or rejecting a given 
choice. If th e  p a tte rn  is fully described by a  single hydrogen bond -  as, for exam ple in 
the  work of Baker & H ubbard -  then  any positive m atch constitu tes a result. O therw ise, 
o ther hydrogen bonds m ust be present, and these are defined as o ffse ts  from  th e  donor 
and acceptor residues, and again as th e  atom s and residue types which can partic ipa te . 
Offsets can be defined both  by the  sequence difference between the  root donor a n d /o r  
acceptor and th e  offset acceptor a n d /o r  donor residues.
Ï
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Figure 7.1: Hydrogen bond pa tte rn  searches 
Searches are defined relative to an initial match, the ro o t  hydrogen bond. In addition to 
matching the type of residue and atom specified for donor and acceptor, hydrogen bonds 
must also conform to specified sequence differences. The difference n -m  can be specified 
for  the root hydrogen bond, useful in finding helices for example, and the other hydrogen 
bonds can have their offsets from the root donor amino acid ('m here) and acceptor 
amino acid (^ n here) specified, depending on which chain segment they belong to.
Table 7.1 shows the  generic search p a tte rn , with the root defined by type (donor or 
acceptor), residue and donor or acceptor atom . This defines two residues, the source and 
the  ta rg e t, and offsets can be specified to  have a given sequence difference from the  source 
(specified by p aram eter x) and from the  ta rg e t (param eter y), as well as having specified 
atom  and residue types.
These searches can be used to  identify main chain s tructu res, both repetitive secondary 
s tru c tu re  such as helices and types of sheet, and main chain loops such as paper-clips and 
b e ta  tu rn s , as well as p a tte rn s  involving side chains.
root type residue D /A  is donor? atom  1 atom  2 m -n
derived 1 type residue D /A  is donor? atom  1 atom  2 X y
derived2 type residue D /A  is donor? atom  1 atom  2 X y
Table 7.1: F orm at for a generic hydrogen bond p a tte rn  search.
root m ain /m ain ★ N /O donor m -n = 4
d eriv ed l m ain /m ain ★ N /O donor N" O^ ' X=1 y = i
derived2 m ain /m ain ★ N /O donor N « X=1 y = i
Table 7.2: Search p a tte rn  for a section of a lpha helix
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7.3 R esu lts: R ings involving am ide sidechains
In 1992, Jean-Y ves Le Q uestel, working in the C hem istry d ep a rtm en t a t  Glasgow Uni­
versity, visually identified a  hydrogen bonded stru c tu re  which appeared  to  occur several 
tim es in each protein. It quickly becam e clear th a t  two related ring s tru c tu res , w ith the  
am ide side chains of asparagine or g lu tam ine doubly hydrogen bonded to  d is tan t p a r t s 
of th e  m ain chain, were quite common: questions rem ained as to  how com m on th ey  were, 
w hether there  were there any related s tru c tu res  which also occurred, and if the  rings have 
any significance beyond th e  simple m opping up of side chain and main chain hydrogen 
bonding opportun ities. A search of th e  d a tab ase  of 68 proteins whose hydrogen bonds had 
already been found soon showed th a t  the  p a tte rn s  are indeed a  com m on, and probably  
significant, feature.
7.3.1 A m id e/m aiiich ain  rings
Figure 7.1 shows the  tw o types of ring which were found. Both asparagine and g lutam ine 
sidechains form rings of these types, where bo th  the am ide CO and th e  sy?i hydrogen of 
th e  am ide NHg bind to  the  peptides on either side of a single C “ atom , either to  th e  NH 
and CO of a single residue i, giving a  nine-m em bered ring s tru c tu re  w ith seven covalent 
bonds and two hydrogen bonds, or those of the  two adjacent residues i — 1 and f +  1, an 
11-m em bered ring s tru c tu re  w ith nine covalent bonds and two hydrogen bonds.
th e  survey found 827 asparagine and glutam ine residues in to ta l, of which 89 had both  
NH and CO hydrogen bonded to  th e  m ain chain. Of these, 54 involved th  e syn hydrogen 
only, and 33/54 of these were th e  9- or 11-rings under investigation,
7.3.2 9 m em ber rings
A search for these was based on th e  instructions listed in Table 7.3.
21 9-m em ber rings were found, all bound to  residues with p h i/p si values in th e  (3 s tran d  
or extended conform ations.
T he variability of the Asn or Gin residues as defined by Schneider & Sander [43] fell in 
th e  range 0-46, w ith m ost values in th e  range 10-20 (indicative of significant conservation 
during protein evolution.
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7,3 .3  11 m em ber rings
A search for g lu tam ine and asparagine 11-member rings was based on th e  instructions 
listed in Table 7.4.
12 of these rings were found, again binding to  regions of (3 or extended s tran d  -  w ith 
a  single exception, Q232 in penicillopepsin, where the m irror p h i/p s i conform ation is 
adopted .
T he variability value for these rings was higher th an  for th e  9-rings, w ith a  range of 0 
to  58 bu t m ost of the values clustered around 35. This m eans th a t  th e  11-rings are less 
well conserved: in th is case the  conservation is not significantly g rea te r th an  for th is  type 
of side chain in general.
7 .3 .4  O ther possib le rings
W hile the  search for 9 and 11 m em ber rings was based on th e  ra tional idea th a t  ring
s tru c tu re s  are stabilising in proteins and should therefore be favoured, the  question still
.rem ained as to  w hether these rings were m ore than  ju s t a s ta tis tica l side effect of the
num ber of hydrogen bonds asparagine and glutam ine can m ake to  th e  main chain. In 
order to  te s t the opposite hypothesis, th a t  m ainchain am ide rings were so com m on th a t  
th e  rings were insignificant, it was necessary to  search for a range of s tru c tu res  where both  
cis hydrogen and carbonyl oxygen form ed m ainchain hydrogen bonds, even in cases where 
th e  “rings” form ed contained tens of atom s and were im possible to  find visually.
T he search p a tte rn  was extended to  cover all cases where the value y (the sequence 
difference between th e  two ta rg e t residues) in tab le  7.1 was in th e  range -5 to  4-5, and also 
the  cases where y> 5  and where y <  —5. T hanks to  th e  au to m ated  search m achinery, th is 
only involved changing two lines in a  file 10 tim es, ra th e r th an  th e  tim e consum ing effort 
of searching along th e  m ain chains of 68 proteins visually.
T he results of the  search are given in tab le  7.5. W hile th ere  were a num ber of cases 
where th e  larger rings were found, they  were not significant relative to  the frequency of 9- 
and  11-ring occurrence. T he apparen tly  high num ber of “rings” where y >  5 and y < 5  is an 
a rte fac t of the  algorithm  finding any case where bo th  the N-H and C = 0  were hydrogen 
bonded, no t necessarily to  th e  sam e s tru c tu ra l feature.
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Figure 7.2: A Nine-membered Carboxamide-Mainchain Ring 
This figure shows the hydrogen bonded ring formed between N233 and R 220-Y 221-T 222  
of thermolysin, with 9 members. The “targef^ mainchain is in a slightly twisted (3 
conformation, the usual conformation for this type of ring.
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Figure 7.3: An Eleven-Membered Carboxamide-Mainchain Ring 
This is the hydrogen bonded 11-ring between N217 and Q 2 3 3 -R 2 2 4 S 2 2 5  of a-lytic  
protease. Again, the Harget” mainchain is in a typical (3 conformation.
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7.4 C onclusions: am ide sidechains act as m ainchain  confor­
m ational locks
These rings are n o t unexpected, and they  m ight have been predicted as an effective way 
to  m op up bo th  sidechain and m ainchain hydrogen bonding po ten tial, b u t they  have th e  
special featu re th a t  they  are binding to  a d is tan t region of th e  polypeptide backbone, 
and  th a t  when they  do bond they  provide a significant constra in t on th a t  p a rt of the 
polypeptide chain. In cases where they  can be seen to  bind to  th e  fraying edge of a  b e ta  
sheet th e  im portance of m opping up hydrogen bond poten tial is obvious.
If th e  rings are indeed strong  te rtia ry  determ inan ts  of secondary s tru c tu re , they  should 
be particu larly  prevalent in positions where local backbone conform ations are im p o rtan t, 
such as su b stra te  binding sites. T he paper of Le Q uestel e t al contains several exam ples, 
binding to  flexible regions of su b stra tes  as if they  were patches of backbone and presum ably 
locking them  in position.
Recently, more proteins binding peptide tran sm itte rs , su b stra tes  and recognition fac­
to rs  have had their s tru c tu res  solved. A featu re  of m any of these is th a t  they  involve asn 
or gin residues in their binding sites, and th e  role of these am ide sidechains is to  hold the  
polypeptide backbone.
T he m ost strik ing exam ple of this is the  hum an M HC class II receptor solved by W iley 
e t al [44], which shows th ree  of these rings in the binding of a single 20 residue peptide, as 
shown in figure 9.3. This is an unusually large num ber of a single class of s tru c tu ra l m otif 
to  find in a  single binding site, and m ay be related to  th e  unusual conform ation in which 
th e  influenza peptide is bound. T he peptide is actually  in an extended polyproline II helix 
conform ation, although th e  exam ple crystallised was proline-free. Typical polyproline 
s tre tches in globular proteins are th ree  to  live residues long [33], so th is  is a unique featu re 
of th is particu la r binding site.
T he peptide is bound for presen tation  to  o ther recognition molecules, and it is clearly 
im p o rtan t th a t  it is held in an extended conform ation to  expose as m any residues as 
possible to  determ ine a  distinctive 3 D /electrostatic  profile for each peptide bound. T he 9- 
and 11-rings m ust play an im p o rtan t role in this. I t is even possible th a t  th e  polyproline 
conform ation used is significant, as folded protein s tru c tu res  will never present th e  residue 
p a tte rn  of th is bound peptide, since they  do not have extensive polyproline II helices as a
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Figure 7.4: 3 Carboxamide Rings as Conformational Locks 
Shown here are 3 carboxamide rings in the binding of an influenza virus peptide by 
human class II M H C protein. N/382 and Nck62 form 9-membered rings with the virus 
peptide mainchain, and N a69 an 11-member ring. The effect is to hold the virus peptide 
in a polyproiine (overtwisted strand) conformation. The tertiary hydrogen bonding 
network, dominated by these three rings, is locking the local secondary structure of the
peptide.
secondary structure element.
The evidence from protein structures alone is enough to show that 9- and 11-member 
rings are significant features in protein structure, and their positioning and conservation 
suggest that they are important structure determinants. The natural extension of this is 
to polypeptide substrate binding, where the expected role in backbone binding is actually 
seen. The hypothesis that these are effective conformational locks suggests that many 
more of these rings will be found in sites analogous to the MHC case.
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Asparagine:
root s id e /m a in A sn N /O donor N7 *
d eriv ed l s id e /m a in A sn N /O acceptor x = 0 y = o
root sid e /m a in Gin N /O donor ic
d erived l si d e /m ain Gin N /O acceptor O^ ]S[JJ x - 0 y - 0
Table 7.3: F orm at for a asparagine and glutam ine 9-m em bered ring searches.
Asparagine:
root sid e /m a in A sn N /O donor NT' O^
d eriv ed l sid e /m a in  j A sn N /O acceptor Qy x = 0 y = 2
G lutam ine:root s id e /m a in Gin N /O donor N"^ O^ ■k
d eriv ed l s id e /m ain Gin N /O acceptor O  ^ N^ x = 0 y = 2
Table 7.4: F o rm at for a asparagine and glutam ine 11-m em bered ring searches.
N H  o f i 1 i i 1 i i i i i i i i
CO o f i-n i-5 i~4 i-3 i-2 i-1 i i - f l i-t-2 Î4-3 id-4 id-5 id-n
size 5-|-3n 20 17 14 11 8 9 12 15 18 21 24 9d“3ii
syn 11 0 0 1 12 0 21 1 0 0 0 0 8
anti 17 1 0 0 0 0 0 0 0 1 0 0 15
b oth 3 0 0 0 2 0 4 0 0 0 0 0 2
size -  num ber o f atom s in  ring 
b oth  — num ber o f occurrences w ith  b oth  syn and anti hydrogen bonded
Table 7.5: N um bers of possible am ide-m ain chain rings observed
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C h a p ter  8
Showing hydrogen bonds in 
relation to  protein backbones
The size and com plexity o f protein  molecules has long p u t biomolecular visualisation at 
the forefront o f com puter graphics technology. Searching databases o f protein  structures 
creates a need fo r  visually simple, autom atically generated pictures which retain a high 
in form ation  content.
In  this chapter, several ways o f viewing hydrogen bonds in  relation to protein  structure  
are compared, and a technique based on drawing the chain through the m idpoint o f  the 
peptides is presented. Com bining this technique with autom atic sheet recognition based on 
hydrogen bonds allows patterns in side chain distributions on each side o f a sheet to be 
easily picked out.
8.1 In trodu ction
T here are a range of algorithm s available for abstracting  protein s tru c tu res  into cartoons 
to  observe th e  overall fold w ith or w ithou t regions of higher detail. R ath er th an  sim ply 
provide yet ano ther piece of softw are which has one key display type, in th is chap te r th e  
em phasis is on how much these different display types have in com m on, and how easy to  
specify they  actually  are. In chap ter 10 some conclusions are draw n from th e  effort of 
im plem enting some of these display types, and some practical suggestions are m ade on 
w ha t could be done to  m ake th e  job  of the biochem ist easier and th e  job  of th e  program m er
t
Show ing hydrogen bonds in relation to  protein backbones 150
m ore rew arding. In th is chapter, ra th e r th an  reproducing C code I will assum e th a t  one 
of th e  key recom m endations of chap te r 10 has already been adop ted , nam ely th a t  all th a t  
is required to  specify a  display or search algorithm  for single protein s tru c tu re  hies is a 
descriptive dehnition, akin to  com puter scien tists’ Pascal-like pseudo-code bu t based on a 
language allowing object s tru c tu res , where a  hierarchical p ro te in / re sid u e /a to m  system  is 
dehned, from which it is possible to  access atom  coordinates, scalar param eters , residue 
types and even com plex construc ts such as hydrogen bonds, provided generation rules 
have been dehned (see th e  end of chap ter 10 for some of th e  signihcant dehnitions).
Once a  protein object and  its constituen t atom s can be handled, the  algorithm s in th is 
ch ap te r work by displaying th e  s tru c tu res  they  dehne. This assum es th a t  some softw are 
exists for th is function, b u t again does not dehne w hat th a t  softw are is. This is in keeping 
w ith curren t developm ents in com puter graphics, where draw ing functions are handled 
by specialised hardw are or optim ised softw are libraries: for exam ple on Silicon G raphics 
com puters it is now usual to  specify objects in Open Inventor fo rm at, which can then  be 
handled by a variety of softw are libraries and even included in docum ents to  be redisplayed 
when read by suitably  conhgured viewers. In th is work, two different renderers were used, 
one an X-windows based in teractive display based on 2D prim itives such as lines, circles 
and te x t and the  o ther a ray-m arker (a rehection-free ray-tracer) for higher quality  o u tp u t 
-  b u t bo th  worked from th e  sam e ob ject dehnition algorithm s. T he hgures in th is chap ter 
are from  th e  X -based renderer, those elsewhere in th is work are from  th e  ray-m arker. 
C h ap te r 10 contains a  discussion abou t app ropria te  renderer technology.
T he basic operations needed for th is chap ter are to  draw  cylinders connecting two 
points (thick lines for 2D prim itives), spheres (circles in 2D), shaded polygons, and to 
w rite tex t. T he colours, sizes and draw ing styles of these ob jects can be specihed. It 
is assum ed th a t  the  order in which these objects are presented to  th e  rendering tool is 
u n im p o rtan t as draw ing order, dep th  clipping and buffering will all be handled by the 
renderer.
8.2 M eth od s. D isp laying P o lyp ep tid e  B ackbones
Polypeptide backbones play a  key s tru c tu ra l role, and nearly every im p o rtan t in teraction  
is either observed in relation to  th e  backbone or itself involves the  backbone. H aving a
4
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technique to  simplify a  protein down to  the  direction of th e  backbone chain alone is a 
prerequisite for in terp re ting  a  protein  s tru c tu re , and having a variety of such techniques 
is useful when th e  objects or p a tte rn s  under study  are not known in advance.
8.2.1 D eta iled  visual inform ation, and plots w ith  hydrogen bonds
As a baseline, the  all-atom  representation  of an ob ject is im p o rtan t to  consider. Such pic­
tu res  are far to  com plicated to  be used for s tudy  of proteins, b u t are im p o rtan t nonethe­
less. T he reason they  cannot be used is significant -  proteins are densely packed m asses of 
atom s, a fact which it is easy to  lose sight of when working w ith sm oothed, tidied te rtia ry  
s tru c tu re  representations.
T he all a tom  represen tation  is easy to  define, it is sim ply a  line draw n for each bond, 
w ith a sphere of app ropria te  radius placed a t  each atom  coordinate. Hydrogen bonds can 
be represented by coloured lines th inner th an  th e  bonds them selves, or by d o tted  lines. 
For th e  backbone it is enough to  draw  th e  a lpha carbon atom s and the peptide atom s, 
w here th e  hydrogen positions can be defined by a technique such as th a t described in 
appendix  A. All residues then  look like glycine (the alpha carbon hydrogen atom s can 
safely be left ou t as they  are rarely of any s tru c tu ra l significance), except proline which 
is a special case. Because of its d isruptive role in hydrogen bonding, chain conform ation 
and even hydrophobic in teractions, it is w orth draw ing all the  proline atom s.
F igure 8.1 shows four s tran d s  from  the  sheet of dihydrofolate reductase. T his system  
is used th ro u g h o u t th is chap ter to  co n tra s t th e  different sheet display techniques.
d , '
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A l l - a t o m  b a l l  a n d  s t i c k  b a c k b o n e
for chain segm ent C G segm ent list: 
for residue Ri G C:
line { N f , C f , bond } 
line { C f , Cf, bond }  
line { Cf, Of, bond } 
sphere { N f, nitrogen  } 
sphere { C f , carbon } 
sphere  { Cf, carbon  } 
sphere  { Of, oxygen  }
w here Rf = Proline:
line { N f, C f , bond } 
line { C f, c f , bond }
if Ri < R,„a.r(C):
hline { Cf, Nf, 1,  bond }
line { c f , Cf, bond } 
line { c f ,  c f ,  bond } 
line { Cf, N f , bond } 
sphere  { C f , carbon } 
sphere  { Cf, carbon }
■■sphere  { Cf, carbon }
elsewhere:
line { H f , N f, bond } 
sphere  { H f , hydrogen  }
for hi G hydrogen bond  list 
if  hi —> type  =  m c/m c
and  hi donor residue D, G segm ent list
and  hi acceptor residue A^ - G segm ent list:
line { H f , O^, hydrogen bond }
■
pass { lines, spheres } to  visualiser
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8.2 .2  R ibbon diagram s and protein  taxonom y
A tu rn ing  point in the  understanding  of protein s tru c tu re  was th e  developm ent of the  
ribbon d iagram s of Jan e  R ichardson [3]: these were the  first efiective a tte m p t to  show 
w hat was com m on to  protein s tru c tu re  while retaining the  tru e  shape of th e  molecules 
and hence giving a  feel for their diversity.
Excellent tools exist for draw ing ribbon diagram s, including M olScript [45] and its 
in te rp re ter raster3D , and techniques have been developed for including side chains and 
su b stra te s  in these diagram s. T he algorithm  given here for generating “quick and dirty" 
ribbon diagram s is included to  provide a  baseline for the o ther techniques presented in 
th is  chap ter.
T he algorithm  takes th e  ribbon to  be a  set of lines or a polygon which is everywhere 
tan g en t to  th e  peptides m aking up the  backbone. Practically, tak ing  a  vector between 
th e  hydrogen and oxygen atom  of each peptide and using these as ribs perpendicular 
to  the  ribbon allows an alm ost triv ial im plem entation of the  algorithm . T he difference 
between extended and helical conform ations is handled by always connecting th e  edges 
of th e  ribbon along the  shortest edges, ie m in { (0 j_ i,0 i) , to  prevent th e  ribbon
from  being tw isted once per residue.
T his type of display represents the com prom ise all protein visualisation m ust m ake 
betw een th e  insight into overall fold and the  local detail which can be presented. W hile 
there  is no b e tte r  way to  assign protein  secondary s tru c tu re  class and overall fold, it is 
very hard  to  include the  in teractions of single residues into a ribbon diagram  consistently, 
much of the  detail of th e  m ain chain is lost, and novel p roperties based on anyth ing  o ther 
th an  known secondary s tru c tu re  m otifs are very hard to  in tegrate .
T here is no obvious place to  p u t hydrogen bond inform ation, as th e  ribbon itself does 
no t contain  m arkers for th e  various atom s involved, so there  is no absolu te  way of knowing 
which atom s are involved in any connecting lines which are draw n.
Figure 8.2 shows th e  result of using th is technique. A lthough it is no t as clear as 
a tru e  ribbon d iagram , some of th e  problem s w ith the  technique are com m on to  any 
im plem entation . T he system  here contains a  /?-bulge, for example: the  bulge canno t be
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identified unam biguously by the  algorithm .
S i m p l e  r i b b o n  d i a g r a m s
for chain segm ent C G segm ent list: 
for residue R* G C,
Rj 7^Rmin(G) and  Rj ÿ^Rmaa;(G):
Vi = H^OLi 
Vs = HJViOi
if  |Of_iO?| <
for a in  { 0.2, ..., 0.8 } step  0.2:
A =  +  a.Vi
B =  Of +  a.Vs 
line { A, B, dash }
else:
for a  in  { 0.2, 0.8 } step  0.2:
A =  H f +  a.V i 
B =  Of T  a .V 2 
line { A, B, dash  }
pass { lines } to  visualiser
8.2.3 A lpha-carbon plots
T he a lpha carbon plot is perhaps the oldest of the cartoon  style represen ta tions of p roteins 
to  be used. Each residue has an a lpha carbon atom , and it is of course p a r t of th e  backbone. 
It is easy to  relate the  position of th e  backbone points to  sidechain points if th e  a lpha 
carbons are used, and the backbone draw n is considerably sim pler th an  the  all atom  case.
T he d isadvantage lies in th e  puckered n a tu re  of protein th ree  dim ensional s tru c tu res. 
S trands are not s tra ig h t or gently tw isted  lines when only a lpha carbon  positions are draw n, 
bu t are d istracting ly  puckered. A lpha helices become jagged and hard  to  distinguish from 
random  coil regions.
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Hydrogen bonds are easy to  draw , as th e  residues involved in each can sim ply have 
th e ir a lpha carbon atom s joined up by a  line of appropria te  colour and appearance. This 
gives rise to  cases where am biguities arise: where the donor NH and acceptor CO of one 
residue are involved in bonds to  one o ther residue, two hydrogen bonds become draw n 
w ith the  sam e s ta r t  and end points. U nfortunately, th is case is very com m on since it is 
th e  arrangem ent in antiparallel sheet. M ilner-W hite et al [46] have developed a  technique 
for draw ing these double lines in a different thickness and colour, b u t th e  effect is still far 
less in tu itive th an  for th e  all-atom  representation.
F igure 8.3 shows the  application of th is technique to  the  te s t s trands.
B a s i c  a l p h a  c a r b o N  p l o t s
for chain segm ent C G segm ent list: 
for residue R, G C: 
if R; ÿ&Rma^(C):
line { C f, Cf^j^, backbone }
8 .2 .4  Sm oo thed  A lpha-carbon plots
for R  G hydrogen bond  list 
if hi -> type  =  m c/m c 
and  hi donor residue D j  G segm ent list 
and  hi -A acceptor residue A k  G segm ent list: 
line { C“ , C f , htjdrogen bond }
.pass I lines } to  visualiser
T he jagged appearance can be relieved by sm oothing the line. Several softw are packages 
allow backbone plots based on a lpha carbon positions, b u t sm oothed ou t by using these 
as control vertices for a spline function.
T here is a  sim pler way to  get much of th e  sam e effect: sim ply average the  coord inates 
w ith a th ree  residue kernel and the  effect is to  remove the  excessive curvatu re  seen. This 
averaging can be carried ou t w ith a  larger kernel, or can be repeated ly  applied for the
4'i
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sam e effect. Small curves are removed, while the  overall p a th  of th e  backbone is clearly 
shown.
T his approach also has a problem  associated w ith it. T he averaging has one s ta rk  
im m ediate effect: it hides sm all tw ists in the  backbone path . Here “sm all” m eans involving 
th ree  or four residues, and un fo rtunate ly  th is includes all the frequently occurring classes 
of tu rn  and helices. In addition, there  is some widening of th e  s tru c tu re  on repeated  
application, so parallel and antiparallel s tran d s  become divergent and less represen ta tive 
of real atom ic positions. H ydrogen bonds can be included, and are useful for keeping 
inform ation ab o u t the  types of tu rn s  and positions of helices.
T his is an approach ideally suited for quickly generating a  sm oothed backbone plot to  
see the  overall 3D direction of th e  s tran d , and is useful, for exam ple, in conjunction with 
surface plots, where it can be overlaid using transparency  to  give th e  relationship between 
the  surface features and th e  underlying fold.
F igure 8.4 gives an exam ple of th is technique. Not th a t  although effective for b e ta
s tran d s  and larger loops, sm oothed C " plots are no b e tte r th an  pure C “ plots for helices: 
indeed they  contain  less inform ation and are less clear in these regions.
■7:
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S m o o t h e d  a l p h a  c a r b o N  p l o t s
for chain segm ent C E segm ent list: 
for residue Rj G C:
if R, =  Rm,a(C) or Ri =  R,„cia;(C): 
P* =  C f
else:
Pi =  l /3 (C f„ i +  C f +  Cf^i)
for position  P, G C: 
if P i ^Pm«^(C):
line { P i, Pi-t-i, backbone }
for hi G hydrogen bond  list 
if hi type =  m c/m c
and  hi -A donor residue Dj G segm ent list 
and  hi -A acceptor residue G segm ent list: 
line { P j, Pfc, hydrogen bond }
pass { lines } to  visualiser
8.2.5 M idpeptide plots
Finally, a  technique which developed during th is study  takes a slightly less conservative 
approach th an  alpha carbon backbones, bu t still keeps enough reference to  the original 
coord inate  set th a t  o ther inform ation can be a ttached  to  it.
A protein backbone is a  sequence of linked peptides, and it is th rough  forces directed 
m ore or less tow ards th e  centre of grav ity  of the peptide th a t  it m ust be stabilised. T he 
a lpha carbon is th e  a ttach m en t point of th e  sidechain, which in m ost cases is try ing  to 
ad o p t a qu ite  different environm ent to  th a t  of th e  main chain, and so m ight be expected 
to  adop t positions well away from  the  axis of the backbone (and indeed explicit puckering 
effects add to  th is d istinction). As a result, it m ight be expected th a t  some averaged 
position for th e  peptide would be a b e tte r visual guide for the backbone, and th is  is w hat 
is found.
7'
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Sim ply assigning a  peptide to  a single point midway between th e  a lpha carbons of 
the  bonded residues gives a  versatile reference point. A backbone chain can be draw n 
by connecting th e  points up: each residue then  has a  single line segm ent associated w ith 
it, which can be coloured or otherw ise m arked according to  the properties or type of the 
sidechain. Even th e  N and C term inus can be included, sim ply by assigning the  missing 
peptide m idpoints to  th e  or atom s.
T he result is a sm ooth  chain for m ost of th e  protein, m arkedly less jagged th an  the 
sim ple a lpha carbon plot everywhere except th e  a lpha helix. In fact, for sheet regions the  
p icture actually  adds inform ation over the  all a tom  representation: th e  sheets can be seen 
to  consist of well aligned strands, w ith no puckering along the  length and very little  la teral 
deviation except a t  the  ends. Parallel and antiparallel look very sim ilar. T his suggests 
th a t ,  because sheets represent a mesh of peptides connected in two directions by hydrogen 
bonds and in two directions by chemical bonds, the resulting s tru c tu re  is a m inimised 
balance over its whole area w ith very little  residual strain .
Hydrogen bonds can be included, w ith th e  peptide point as the connection. Since donor 
and acceptor bonds invariably point in different directions, there  is never any confusion 
between hydrogen bonds which share a  single point: each hydrogen bond in th e  backbone 
will be represented separately. T he appearance of sheets as regular s tru c tu res  is enhanced: 
they  can now be seen to  consist of a cluster of rectangular cells, each com prising four 
residues and two hydrogen bonds. T he proportions of these cells is th e  sam e th ro u g h o u t 
th e  sheet, w hether parallel or antiparallel s tran d s are represented.
F igure 8.5 shows the  application of th is technique to  the  te s t case. T his is th e  only ex­
am ple o ther th an  th e  all-atom  represen ta tion  which draw s the /3-bulge as a d istinguishable 
item  and displays each hydrogen bond separately.
■■■)
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S m o o t h e d  a l p h a  c a r b o N  p l o t s
P ?  =  l / 2 ( C f  +  C f , , )
for position  P l, P? E C; 
line { P -, P f ,  backbone }
pass { lines } to  visualiser
2 —  1 t o f n c t  I no. \
for chain segm ent C E segm ent list: 
for residue R,- E C: 
if Ri =  R„^i„(C):
P| = N f
P? =  l / 2 ( C f  +  C f + i )  
i f  R, =  R m ..(C ):
p i  =  l / 2 { C f _ i  +  C f )
P ?  =  C f
if  R, ^  Rmiu(C) and R, ^  Rni(n-(C): 
p i  =  l / 2 ( C f _ ,  +  C f )
+  1 /
74
71
for hi E hydrogen bond  list 
if  hi -A type  =  m e/m e
an d  hi donor residue Dj E segm ent list 
and  hi —> acceptor residue A k  E segm ent list: 
line { P j, P^., hydrogen bond }
f
M idpeptide representation of the (3 Sheet
T his figure shows the effect of displaying hydrogen bonds in conjunction w ith a  mid­
pep tide plot. Each hydrogen bond is guaran teed  to  be represented, although parallel 
and an tiparallel sheet is not distinguished. In fact, all sheets take on a  uniform  and flat 
appearance.
The Basis of the Representations Compared
Figure 8.6 gives a  schem atic com parison of the representations in figures 8.1 to  8.5, 
showing how their features correspond to  the underlying arrangem ent of m ainchain atom s 
and hydrogen bonds.
I
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Figure 8.1: Ball and Stick R epresentation of (3 Sheet 
This shows fo u r strands from  the sheet o f dihydrofolate reductase: from  the left o f  the 
picture strands 135-145, 152-161, 1 -8  and 110-120, showing two antiparallel l3 ladders, 
one parallel (3 ladder, and one example o f a (3 bulge in strand 135-145, at the bottom left
o f the picture.
I
Figure 8.2: A Ribbon R epresentation of the  (3 Sheet 
This shows the fo u r  strands o f figure 8.1, with guidelines roughly corresponding to the 
classic ribbon representation o f J. R ichardson. N ote the loss o f detail, particularly the (3
bulge.
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Figure 8.3: A C “ R epresentation of the  (3 Sheet 
The fo u r  strands o f figure 8.1 are shown, with the CT atom s jo ined  to fo rm  a schem atic  
backbone representation. Hydrogen bonds are drawn, connecting the CT atom s o f the 
donor and acceptor residues as appropriate. Note that the parallel and antiparallel 
regions are distinguishable by their hydrogen bonding patterns.
Figure 8.4: A Sm oothed C “ R epresentation of the  (3 Sheet 
This is the sam e system  as figure 8.3, except that the CT positions have been smoothed by 
averaging with a 3 residue kernel as described in the text.
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Figure 8.5: Midpeptide representation of the /3 Sheet 
This figure shows the effect of displaying hydrogen bonds in conjunction with a 
midpeptide plot. Each hydrogen bond is guaranteed to be represented, although parallel 
and antiparallel sheet is not distinguished. In fact, all sheets take on a uniform and flat
appearance.
8.3 R esu lts. T he appearance o f b eta  sh eets  in p roteins
8.3.1 Picking Sheets out o f M idpeptide R epresentations
The picture of the beta sheet given by midpeptide plots is remarkable in the way that it 
picks out a smooth, rectilinear pattern for even the most irregular of sheets, even sweeping 
away the differences between parallel and antiparallel structures. It can only be assumed 
that this is a feature grounded in the physical stabilisation of the sheet structure: the 
midpoint of a peptide is the approximate centre of mass where the forces of hydrogen 
bonding, chemical bonding and bond torsion act, and the sheet structure represents a 
balance between the internal energy of the dipeptide and tri-peptide interactions along the 
chain length and the hydrogen bonding and steric effects perpendicular to each strand.
The resulting flat structure lends itself rather well to being shaded, perhaps better than 
the ribbon representation, because any distortion in the sheet or break in the hydrogen 
bonding pattern is easily seen and any lines drawn are rooted firmly within one of the units 
of protein structure, so other features such as sidechains and substrates can be drawn as 
usual without serious risk of unwanted intersection.
8.3. R esults. T he appearance o f  beta  shee ts in proteins  163
A lpha C arbon 
Backbone
R ibbon
backbone
Figure 8.6: T he Basis of th e  R epresentations C om pared 
This figure gives a schem atic com parison o f the representations in figures 8.1 to 8.5, 
showing how their features correspond to the underlying arrangem ent o f  m ainchain  atom s
and hydrogen bonds.
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Each of th e  rectilinear un its can be picked ou t using a search on a list of hydrogen 
bonds sim ilar to  those described in chap ter 7. Search details are given in tab les 8.1 and
8.2. Basically, a un it is a  quadrila te ra l m ade up of four m idpeptide points, the  tw o chain 
segm ents and th e  two hydrogen bond representations. This can be divided in to  two or 
four triangles and each one rendered as a  filled, double-sided polygon. D istinguishing the  
two possible directions th a t  th e  quadrila te ra l can face results in a sm ooth  represen ta tion  
for parallel sheets and a checkerboard p a tte rn  for antiparallel sheets, which m ay be all 
th e  discrim ination needed in m any cases: otherw ise, arrows m ust be in troduced along the  
chain length.
roo t m a in /m ain * N /O donor N " O*^ *
d eriv ed l m ain /m a in -k N /O acceptor O^' x= 0 y = 2
derived2 m ain /m a in •k N /O donor N ^ O^ x= 2 y = 2
d eriv ed l m ain /m a in -k N /O acceptor OC' N ^  x = 2  y = 4
Table 8.1: Search p a tte rn  for a section of parallel sheet
roo t m a in / m ain k N /O donor N^ k
d e riv ed l m ain /m a in ■k N /O acceptor O^ 1 N^ x= 0 y —0
derived2 m ain /m a in  j -k N /O donor N " x= 2 y = “2
d eriv ed l m ain /m a in k N /O acceptor N-^ x= 2  y= -2
Table 8.2: Search p a tte rn  for a section of antiparalle l sheet
F igure 8.7 shows the  effect of shading on the sheet of dihydrofolate reductase. Even 
featu res such as j3 bulges can be retained, and the shading helps to  identify areas where 
th e  sheet is m ost strongly  tw isted.
8.3.2  Showing Sidechains in Schem atic R epresentations
For a  whole protein , displaying all sidechains leads to  a  confusing overall effect: b u t 
backbone plots provide no sequence inform ation, th e  defining p roperty  of the  protein  under 
investigation. P u ttin g  a m ark  a t  th e  Cp position of each residue allows th e  d irection of 
sidechains to  be seen. F igure 8.8 shows th is for the dihydrofolate reductase s tran d s  of 
figure 8.1.
T he m idpeptide plot is particu larly  am enable to  sidechain representa tions, in figure 
8.9 th e  sheet of figure 8.1 is shown: lines of residues can be seen running a lte rn a te ly  above 
and below th e  sheet perpendicular to  th e  strands, crossing regions of bo th  parallel and
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Figure 8.7: Picking Sheets out of Mid peptide Representations 
This figure shows the whole sheet o f dihydrofolate reductase, and two helices im portant 
fo r  substrate binding, as a midpeptide plot with the sheet picked out and shaded. The
P-bulge appears as a tear in the sheet.
antiparallel sheet. The direction of the /3-bulge can also be seen.
Full ball-and stick sidechain representations are possible, if the place of the C“ atom 
for each residue is taken by the midpoint of the line joining the two peptide midpoints 
it shares. The resulting C“-C^ bond is stretched slightly, but all other side chain atoms 
can be treated as normal. It is even possible to represent proline, with C and C" both 
taken by points on the midpeptide chain: the result is considerably distorted, but it is 
still possible to see proline positions and pucker directions easily, which is usually all that 
is needed.
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Figure 8.8: Showing Sidechains in Schematic Representations 
This figure shows the effect o f  putting  a m ark at the Cp position o f each residue fo r  the 
alpha carbon plot o f figure 8.3, allowing the directions o f  the sidechains to be seen.
m
Figure 8.9: Showing Sidechains in Midpeptide Plots 
This shows the effect o f placing a m arker fo r  the side chain at the C f position fo r  each 
residue. Ridges o f residues running perpendicular to the strand direction can be seen, as 
can the -hdirection o f the fi-bulge, in this case with the extra residue, a Valine, on the
near side o f  the sheet.
C h a p ter  9
H ydrophobic ridges in b eta  sheets
I t  is known that strand-strand recognition in proteins is guided by a preference fo r  certain  
residues to pair up in adjacent sites on the sam e side o f the sheet in  neighbouring strands. 
Using the approach from  the previous chapter it is shown that this preference extends across 
the whole width o f a sheet, giving rise to stabilising hydrophobic ridges which appear to be 
a feature o f all beta sheets, large and small.
The ridges observed in  a range o f proteins are examined, and their importance is tested  
by showing how their conservation in  pro teins related in sequence is directly related to the 
structural sim ilarity  o f those proteins.
9.1 In trodu ction
T he te rtia ry  s tru c tu res  of b e ta  sheets in proteins have been sub jected  to  extensive s ta ­
tistica l analysis and m odelling, b u t have rem ained as m ysterious as any o ther featu re of 
pro tein  stru c tu re . W hile some p a tte rn s  are clearly apparen t in am ino acid preferences of 
b e ta  s tran d s  and their overall relationship to  protein arch itecture , b e ta  sheets are no m ore 
predictable th an  any o ther s tru c tu ra l elem ent in proteins.
In the  face of this, it  is in teresting to  see w hether there are any new insights which can 
be gained from  new techniques of visualising th e  s tru c tu ra l p a tte rn s  defined by hydrogen 
bonding in proteins contain ing extensive sheet structu res. T he m ethod described in the 
previous chap ter, p lo tting  hydrogen bond position as a  function of m idpeptide position, 
has the  particu lar v irtue th a t  it  identifies sheet stru c tu res in proteins w ithou t requiring 
any inpu t from  th e  researcher and w ithou t abstracting  the  sheets so th a t  they  can no
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longer be com bined w ith o ther d a ta  such as side chain position.
This chap ter shows how th e  pictures given by this m ethod provide a  particu la r ex ten­
sion to  work by Lifson and Sander [47, 48] on in ter-strand  am ino acid preferences, and in 
p articu la r suggest a concept of hydrophobic ridges as s tru c tu ra l elem ents of globular p ro­
teins w ith a  possibly strong  tertiary -d irec ting  effect. T he technique is tested  on a small 
num ber of system s, and raises some in teresting  questions abou t how these elem ents could 
be used to  help in a m ore general s tudy  of protein architecture.
9.1,1  A m ino acid preferences for b eta  sheet residues
B eta  sheets have been analysed for length, direction, type and handedness of crossover 
connections, and a  num ber of o ther s ta tis tica l properties which could be classified as 
architectural. M ore relevant for th e  results presented here, studies have highlighted the  
im portance of in te r-strand  nearest neighbour interactions.
T he first study  to  show th a t  th e  in te r-stran d  nearest neighbour in teractions were spe­
cific, w ith certain  pairs of residues or pairs of residue types being significantly m ore com­
mon th an  would be expected if they  were purely a function of random  chance, was the  
work of Lifson and Sander [48].
T he pairw ise groupings they  found reflect bo th  a  preference for som e types of non­
polar residue to  become nearest neighbours, w ith preferences representing stereo typical 
stacking in teractions and also for certain  pairs of polar residues to  m atch up, e ither to 
form  salt bridges or some stabilising hydrogen bonding p a tte rn . T he m ost specific non­
polar in teractions are between He and Val and He/Leu, w ith differences in preference for 
an tiparalle l and parallel sheets which were significant enough to  n o t be an artifac t of the  
sm all size of th e  d a tab ase  used in th e  original study.
9.2 M eth od s. M id p ep tid e p lots o f  b eta  sh eets
T he m ethod described in th e  previous chap ter is used here to  pick ou t the  b e ta  sheets in 
pro teins based on their hydrogen bonding p a tte rn s. As explained previously, tak ing  the  
m idpoint of th e  peptide bond as the  representative point a t  which to  draw  th e  end of a 
hydrogen bond has th e  effect of regularising th e  observed stru c tu re : th e  protein  backbone 
is a set of rigid units w ith bonding and non-bonding in teractions pulling them  in different
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ways, b u t th e  net effect is a  s tab le  s tru c tu re , w ith the  basic elem ents (strands, loops 
and helices) pulled into a  local energy m inim um . T he shape th is describes for a sheet is 
surprisingly uniform .
T he slightly tw isted , flat sheets defined in th is way can clearly be seen w ithou t needing 
to  pick ou t th e  s tran d  residues w ith any o ther m arker. This m eans th a t  th e  im ages are 
sim ple enough to  allow ex tra  inform ation to  be provided. An added advantage of the 
technique of m idpeptide sm oothing is th a t  th e  C “ and positions are not being used or 
d isto rted  in any way for the  backbone model, and as a result inform ation can be added 
a t these points in the images. This m akes it easy to  display sequence inform ation along 
w ith the  s tru c tu ra l inform ation already being represented.
Placing all the sequence inform ation creates a problem , though. T he large num ber of 
residues in a typical protein quickly fill th e  im age with superim posed illegible characters. 
However, any sheets present will have a  sm ooth , flat representa tion , and th is when viewed 
in isolation can have sequence d a ta  superim posed and still be understood , particu larly  if 
seen in th ree dimensions.
One of th e  advantages is th a t  th e  sheets could be identified w ithou t having to  nam e 
the  b e ta  s tran d s  in advance, and it would be nice to  keep this feature. T his is possible to  
a large ex ten t by looking a t the  way the  s tru c tu res  are draw n. Sheets are characterised  
by a tiling of slightly tw isted rectangles, w ith two sides m ade up of th e  spars connecting 
ad jacen t peptides and th e  o ther two formed by th e  representa tions of hydrogen bonds. 
These can represent a  num ber of different ring structu res, as shown in figure 9.1, b u t all 
can be identified using th e  sam e technique described in chap ter 7 for identifying hydrogen 
bonded rings from  th e  hydrogen bond file used to  generate the im age in th e  first place. 
If only residues partic ipa ting  in these rings are displayed, th e  result is a  sum m ary  of the 
super-secondary s tru c tu re  of th e  protein. It tu rn s  ou t th a t  a  helices can be defined as 
rings in a sim ilar way, and also shown.
Two additional features of sheets and helices also have to  be taken  into account. One 
is th a t  th e  residues a t th e  ends of s tran d s or helices are also partic ipa ting  - since although 
a peptide (and hence a  m idpeptide point) can be regarded as belonging to  e ither of the  
am ino acids con tribu ting  to  it, th e  ac tua l hydrogen bond is regarded as belonging to 
th e  residue which provided th e  atom s involved - in o ther words, bonds involving C = 0  
“belong” to  the previous residue, those involving N-H belong to  th e  “n ex t” residue. T he
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o ther featu re is specific to  sheets - the phenom enon of /? bulges, individual residues w ithin 
s tran d s  which act as insertions, offsetting the  hydrogen bond p a tte rn  by one residue. B oth 
of these classes of residue are of in terest, and form  annoying omissions if neglected. B oth 
can easily be incorporated  by sim ply adding in residues on either side of th e  ones detected  
as partic ipa ting  in th e  rings defined above.
9.2.1 M idpeptide p lots highlight sim ilarities betw een parallel and an­
tiparallel sheets
One strik ing  feature of th e  m idpeptide plots is th a t  they do not distinguish parallel from 
antiparallel sheets. T his is in one sense fru stra tin g , as it m eans th a t  ex tra  cues have to  be 
provided to  allow th e  researcher to  classify the  sheets which can be seen - b u t th is  could 
be done by sim ply adding a  sm all arrow  on the end of each s tran d  detected  (i.e. on the 
tra iling  residues discussed above). In ano ther sense it is useful, as it m eans th a t  com m on 
featu res between different classes of sheet can be detected.
As figure 9.1 shows, th e  tiles on the  sheet represent th ree  different types of ring s tru c­
tu re . B u t w hat they  all have in com m on is th a t ,  perpendicular to  th e  directions of the  
stran d s, the sidechains of residues are roughly co-linear, and their and atom s pro ject 
above the  plane of the  sheet the  sam e am ount and in that sam e direction. W h a t th e  grids 
show, when viewed parallel to  th e  lines defined by the  hydrogen bonds, are colum ns of 
residues which are forced to  pack together.
A djacent colum ns point in opposite directions, a lternately  above and below the  plane 
of th e  sheet. T his is the  case bo th  for parallel and antiparallel sections of the  sheet, and 
can be clearly seen by placing a  m arker for each residue a t  th e  position.
9.3 R esu lts: ridges across strands
W h a t these colum ns represent are ridges of residues forced into con tac t across th e  w idth  of 
a  sheet. T he individual pairs which m ake up th is s tru c tu re  are governed by th e  s ta tis tic s  
of Lifson and Sander, bu t looking a t  the  whole sheet a t  one gives a new insight. Individual 
pairs m ay be chosen on the  basis of hydrogen bonding between sidechains, th e  form ation  
of sa lt bridges involving charged residues, or specific packing in teractions. B ut looking a t  
th e  whole sheet shows a p a tte rn  which goes beyond pairwise.
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Figure 9.1: Ridges of Sidechains in /3 Sheets 
This figure shows the sheet of dihydrofolate reductase as a midpeptide plot with, residues 
drawn at Cp positions. The alternating ridges of sidechains can clearly be seen. Note in 
particular the long hydrophobic ridge V -V-L-L-A-V-V-V  extending the full width of the
sheet.
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Figure 9.2: The fi Sheet from Car boxy peptidase 
This figure shows the carboxypeptidase sheet, defined using the hydrogen bond criteria 
described in chapter 8, and represented as a midpeptide plot with the sheet shaded. The 
whole protein is shown, but the sheet structure dominates.
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Figure 9.3: T he (3 Sheet from O vom ucoid, D om ain 3 
Even small sheets can be picked out by midpeptide plots - this shows the whole of  
ovomucoid domain 3 with the sheet picked out using the same technique as figure 9.2
r '
Figure 9.4: H ydrophobic Stacking along Ridges 
This figure shows the two V- V- V ridges at the edge of the dihydrofolate reductase sheet, 
with sidechains drawn in to demonstrate the close hydrophobic packing which can
stabilise a sheet.
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A m ong th e  m ost obvious, and strongest, pair correlations were those between th e  non­
polar sidechains. It is to  be expected, therefore, th a t  there will be som e tendency  for 
these con tac ts  to  add up to  provide ridges of hydrophobic residues stre tch ing  over several 
s tran d s . In fact, w hat is observed for p roteins w ith a d istinct b e ta  sheet kernel is one or 
m ore d istinc t ridges of hydrophobic residues stretch ing  th e  full w idth  of th e  sheet. T his 
ch ap te r does n o t contain  a  full review of all available protein s tru c tu res , unfortunate ly , 
b u t th e  p a tte rn s  detected  here provide some very suggestive ideas on th e  stab ilisa tion  of 
b e ta  sheet proteins.
9.3.1 W ide sheets: carb oxypeptid ase and d ihydrofolate reductase
T he d iagram s for th e  sheets of carboxypeptidase and dihydrofolate reductase, figures 9.5 
and 9.6 respectively, b o th  show th e  sam e principle: wide sheets are  anchored by hydropho­
bic ridges stre tch ing  th e  full length of th e  sheet.
C arboxypep tidase shows two in teresting  properties of the  sheet when viewed as a  Hat 
grid. T he first is th a t  there  are th ree  clear ridges of hydrophobic residues, 191A-I-I-F-33V, 
204Y-F-L-I-L-50L, and 240Y-L-F-I-L-I-48Y which together can be seen to  splice together 
th e  eight s tran d s  identified by th e  hydrogen bonded ring classification. T he second is th a t  
all th ree  of these ridges are on th e  sam e side of the  sheet, and represent a  single contiguous 
“bed” of hydrophobic residues. T his featu re is no t ubiquitous; o ther pro teins in th is  small 
sam ple show th a t  ridges com m only occur on bo th  sides of th e  sheet. In carboxypep tidase 
th e  p a tte rn  is in tim ate ly  related  to  th e  evolution and function of th e  enzyme. Several of 
th e  active site residues of th is  protein  are p a r t of the sheet itself, and the  hydrophobic 
face can be seen as an anchor for the  necessarily less stab le  active, hydrophilic side of the  
sheet.
D ihydrofolate reductase shows a  different s tra teg y  for a  sim ilarly wide sheet. Here 
th e re  are two hydrophobic ridges a t  th e  centre of the  sheet, 157V-L-L-A-V-V-75V and 
(139V)-W -L-F-I-V-V~74V (th a t  first Valine residue in the  second ridge is p a r t of a b e ta  
bulge), ad jacen t bu t on opposite sides of the  sheet. T he sheet itself is strongly  tw isted 
a t  one end and appears to  have a weak sp o t traversed by these two ridges. T his sheet 
does not have a  clear hydrophobic side, and if there  is any significant s tab ilisa tion  th rough  
hydrophobic effects it m ust be involving these two hydrophobic ridges, since toge ther they  
account for m ore th an  half of th e  hydrophobic residues in th is sheet.
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9.3.2 Narrow sheets: ovom ucoid dom ain III, hum an prealbum in
T he p a tte rn  is not only found in proteins w ith wide b e ta  sheets. Narrow  sheets appear to 
be stabilised by one or m ore sh o rt hydrophobic ridges, again running th e  full w idth  of the 
sheet.
For exam ple, ovomucoid dom ain 3 displays a  tiny kernel of b e ta  s tru c tu re  shown in 
figure 9.3 and schem atically in 9.7, w ith only 8 residues classified as sheet by th e  hydrogen 
bonded ring criteria. However, even in this case there is a d istinc t hydrophobic ridge, 
53F-L-31Y.
M ore significantly, each m onom er of the  hum an prealbum in dim er is form ed from  a 
sandwich of two b e ta  sheets, shown in figure 9.8. Each of these is four s tran d s  wide and 
shows a four residue hydrophobic ridge -  93V-V-V-43A and 55L-V-I-120A. T here are o ther 
hydrophobic pairings which do not form  p a r t of longer ridges, as m ight be expected, b u t 
th e  two ridges are qu ite  d istinct and this does seem to  suggest th a t  their role is m ore th an  
ju s t coincidental.
.9.3 .3  Conservation: try p sin o g en /to n in  and actin id in /p ap a in
O f even m ore in terest is w hether or not these ridge s tru c tu res  are conserved between 
evolutionarily  d is tan t pro teins of sim ilar s tru c tu re . If they are then  it is reasonable to  
assum e th a t  they  are playing some significant role, although it m ay also be assum ed th a t  
any hydrophobic residue m ay be hard  to  replace for o ther reasons, such as packing aga inst 
th e  hydrophobic side of a helix or some crucial role in a folding in term ediate .
F irs t, trypsinogen and ton in  can be considered. Both of these can be classed as b e ta  
barrel proteins, a lthough looking a t the  mid peptide plots it is easy to  see th a t  they  are 
actually  constructed  as single sheets tw isted  and then  linked in such a  way th a t  there  is 
no one line of hydrogen bonds form ing a ring around the  whole barrel. It is b e tte r  to
see these two proteins as being sheets whose diagonally opposite corners have been joined 
together.
T he forces stabilising b e ta  barrels m ight be expected to  be qu ite  different, b u t there  
are still d istinctive ridges in these tw o proteins. T he sheet is not rectangu lar, so no ridge 
can extend th e  full length, b u t in trypsinogen (figure 9.9) there are two ridges which span 
two of th e  w idest p a rts  of th e  sheet, 29Y-L-V-104I and 83I-V-L-41F. T here is also a trip le  :
I
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of residues next to  the  first ridge, 53V-L-89I.
In tonin  (figure 9.10), there  have been significant changes to  th e  upper right hand 
q u ad ran t of th e  sheet (as draw n here), and th e  second ridge has not been conserved - in 
its place are some individual pairw ise in teractions presum ably perform ing a  sim ilar role. 
T he m issing ridge is associated w ith a significant change in sheet s tru c tu re , w ith a /3 bulge 
in trypsinogen com pletely absent in tonin . However, the  first ridge is still present, now 
29W -L-V-106L, and th e  trip le ad jacent to  it is now a four m em ber ridge, 45V-I-L-89F. As 
in th e  papa in / actinidin case, th e  residues them selves are not strongly  conserved, b u t the  
hydrogen bond p a tte rn  and th e  hydrophobic ridges are.
T he second pair considered are actinidin and papain. B oth of these proteins have 
re la ted , com plicated sheet s tru c tu res, and it is in cases like th is w here th e  m idpeptide 
plots really show their w orth. T he sheet of each is forked, b u t by p lo tting  the  hydrogen 
bonded grid it is possible to  fla tten  th e  sheets o u t and com pare th e  two. As expected by 
now, there  are hydrophobic ridges, one serving each branch of th e  fork.
In actinidin (figure 9.11) th e  ridges are 5V-Y-W -I-152F and 214Y-V-I-V-194M , while 
in papain  (figure 9.12) they  are 5V -Y -FT149F and 208Y-V-A-I-187I. These m utations are 
no t w hat would be classed as conservative in every case either th rough  the  D ayhoff m atrix  
or in term s of th e  Lifson and Sander s ta tis tic s  (particularly  th e  I-^A  conversion in the 
second ridge), b u t when seen as a ridge of hydrophobic residues, the  p a tte rn  of hydrogen 
bonds and of hydrophobic residues is conserved. T his clearly implies th a t  th e  conservation 
of these ridges has som e s tru c tu ra l significance, even when th e  surface defined by these 
residues (in o ther words, packing effects against the  face of the sheet) can be significantly 
altered .
9.4 C onclusions: hydrophobic ridges stab ilise  b e ta  sh eets
A lthough this work was not exhaustive, it does seem clear th a t  hydrophobic ridges are a 
significant featu re of b e ta  sheets. D eterm ining w hether they  are sim ply a  s ta tis tica l effect 
of pairw ise preferences extending in both  directions (or conversely, pairw ise preferences are 
sim ply consequences of th e  need to  form  hydrophobic ridges) would require a  s ta tis tica l 
analysis of a large sam ple. Sadly, th e  search software in its cu rren t form  canno t find 
features like th e  ridges, as th a t  would need a recursive definition in which offset hydrogen
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Figure 9.6; H ydrophobic Ridges in the Sheet of C arboxypeptidase 
This and the following figures show schem atic representations o f m idpeptide p lots like 
that in  figure 9.1. To better illustrate the regularity o f the patterns o f residues seen, the 
sheets have been fla ttened  out, but the pattern  o f hydrogen bonds has been kept intact. 
D otted circles represent sidechains on the near side, solid on the fa r  side o f the sheet. 
Hydrophobic residues [A F IL V W Y ] are highlighted, as are [T] (m ixed hydrophobic/polar) 
and [S] (polar, but with a particular propensity fo r  the edges o f beta sheets, so probably a 
sheet-edge stabiliser). Where pairs o f these residues are found, a thick line jo in s  them . In  
this and the other proteins in this sample, this reveals prom inen t hydrophobic ridges
defining the sheet.
I
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Figure 9.6: H ydrophobic Ridges in th e  Sheet of D ihydrofolate R eductase 
This is a very strik ing case, with two hydrophobic ridges stretching across two d istinc t (3
sheet domains.
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Figure 9.7: A H ydrophobic Ridge in Ovomucoid D om ain 3 
This tiny  protein fragm ent has 9 residues in what could be term ed a sheet structure. 
E ven in this case, a ridge o f hydrophobic residues is found.
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Figure 9.8: Hydrophobic Ridges in H um an Pre-album in 
This protein  fo rm s a dimer; only the sheet from  the m onom er is shown here. The  
four-strand  sheets both have four-residue hydrophobic ridges stabilising them . The dim er  
has strands l l f - 1 2 1  o f each m onom er hydrogen bonded antiparallel to each other to fo rm  
one large sheet. The ju n c tio n  is at S I  17, giving ridges L -L -S-S-L -L , V -A -T -Y -L , and  
A -T -S -S -A , unusually serine and threonine rich.
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Figure 9.9: H ydrophobic Ridges in Trypsinogen 
This figure shows the fir s t fi sheet in trypsinogen, which fo rm s a fi-sandwich: the 
“^ hanging” hydrogen bonds from  residue A 8 5  match those o f L108 to complete the
sandwich.
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Figure 9.10: H ydrophobic Ridges in Tonin 
dig in figure 9.9, the sheet shown here is a sandwich, so residues V85 and L108 connect
to complete the hydrogen bonding pattern.
1
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Figure 9.11: Hydrophobic Ridges in A ctinidin 
The sheet in actin id in  appears “torn” in a midpeptide plot, with strand 159-167 binding  
to both strands 5-6 and 133-138 on the sam e side. It is still very easy to follow  the path  
o f hydrogen bonding and sidechain direction by switching between the representation
styles o f figure 9.1 and 9.2.
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Figure 9.12: H ydrophobic Ridges in Papain  
This sheet shows the sam e distortion as actinidin: using a fla t m idpeptide representation  
helps to em phasise the sim ilarity o f the two folds.
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bonds could be taken  as new roots, to  allow d a ta  on ridge properties to  be tab u la ted  
autom atically .
R esults from o ther sources do suggest th a t
Unlike cr-helix form ation , j3 sheet form ation is determ ined in large p a r t by 
te rtia ry  con tex t...and  not by intrinsic secondary s tru c tu re  preferences.[49]
according to  M inor and Kim, in th e  discussion of experim ents which showed free energy 
changes for moving residues from th e  edges to  the centre of s tran d s  correlated  strongly  
w ith the  residues w a te r/o c tan o l p artition  function and not a t  all w ith sta tis tica l /5 sheet 
frequencies for those residue types.
An effective model of the  b e ta  sheet will have to  go beyond sequence d a ta  and pairw ise 
s tran d  m atching and deal w ith the  full te r tia ry  s tru c tu re  of th e  sheet, w ith effects parallel 
and perpendicular to  th e  s tran d s and d istinct hydrophobic and hydrophilic environm ents 
to  be accounted for.
C h a p ter  10
Problem s in P rotein  V isualisation
chem ists, molecular biologists, and com puter scientists.
I:
Æ
In terpreting pro tem  3-D im ensional structure is a m any-faceted activity, shaped by the fea-
.tu 7'es which are o f current research in terest but also by the databases and software which 
happen to be available. M ost software is either weighted towards detailed representations  
used in determ ination  and analysis o f single structures or cartoon sim plifications fo r  gen­
eral classification o f related folds. W ork towards the production o f software which can 
easily handle comparison o f structures across a fam ily  o f related structures, using new  
visualisation techniques where these become available, representing in form ation  from  the
I
wide variety o f sequence related databases which are produced, and sw itching easily between 
ID ,2D and 3D representations has been hampered by the d ifferent agendas o f structural
This work brought the author into a close working relationship with all three subject 
areas, and this chapter presents an in terpretation o f the current state o f the art, the 
m issing pieces o f software and interface, and a specification fo r  a system  which could 
be im plem ented with existing or easily developed technology which would bridge the gaps 
between the diffei^ent classes o f knowledge required at different levels o f interpretation.
10.1 In trodu ction
10.1.1 T he requirem ents o f structural b iochem ists
S tru c tu ra l biochem ists and crystailographers require tools which can show th e  detailed 
s tru c tu re  of p a rts  of a  protein, in conjunction w ith the  forces and physical constra in ts
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which affect shape, stab ility  and in teractions w ith o ther molecules. T hey often need to  
visualise electrostatic  po ten tia l fields, solvent exposure, and individual hydrogen bonds.
Analysis of possible new types of contribu tion  to  protein stab ility  will often require 
th e  developm ent of new techniques for visualising interactions.
10.1.2 T he requirem ents of experim en tal b iochem ists
M olecular biologists work w ith protein sequence, and are in terested  in the  effects of single 
residues or sets of residues which can be identified as significant by genetic m anipulation . 
T hey  also work w ith families of proteins on th e  sam e basis. T heir needs from  a  s tru c tu ra l 
da tab ase  are quick identification of th e  overall fold of a  protein, identifying the  relative 
position of loops and residues of in terest, and com paring th e  s tru c tu re s  of sequence related  
molecules. D a ta  from software for ID  s tru c tu re  analysis m ust be im ported  to  th e  3D model, 
often by a  researcher too  busy to  learn a  graphics scripting language for one brief session 
in fron t of a graphics m achine.
Enzym ologists need tools to  identify active site pockets, place active site residues w ithin 
them , and recognise th e  local chemical environm ent of the transition  s ta te  binding.
10.2 M eth od s. T ools for protein  v isu alisation
10.2,1 Sim ple graphics too ls for prototyping
Providing a  sim ple way to  visualise a  3 dim ensional object and an n o ta te  it w ith inform ation 
is p a r t of a  m ore general class of problem s in scientific visualisation which is unresolved. 
However, there  are some p a rts  of the  problem  which are easily handled, and these have 
yet to  be compiled into a  system  which is easy enough to  use and still flexible.
R ibbon diagram s, for exam ple, are hard to  specify complex 3D objects, bu t the  basic 
principle, a  ribbon tan g en t to  th e  plane of the  peptide bonds, is qu ite  easy to  describe 
and draw . Likewise, th e  backbone displays described in chap ter 8 all have a  definition in 
te rm s of th e  m olecular model, b u t are then  draw n as geom etric prim itives not centred on 
those m olecular positions b u t on derived points.
W riting  a  visualiser is a tim e consum ing and often repeated activity. D evelopm ents in 
com puter graphics m ean th a t  soon there  will be stan d ard s  in scene description (VRM L, 
O penlnventor) and in prim itive display (PH IG S, OpenGL) which will render much of th is
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w ork obsolete. It is im p o rtan t th a t  chem ists are free to  focus on th e  description of the 
visualisation in ab s trac t term s, while com puter scientists and hardw are developers provide 
th e  cu rren t s ta te  of the  a r t  in scene visualisation and m anipulation.
To encourage this way of thinking, even in the  absence of a set of tools to  provide the  
functionality, I would suggest th a t  an approach be adopted whereby chem ists com m unicate 
their ideas on m olecular properties in a standard ised  form at, independent of com puter 
language or visualisation system , which can then  be used as the  basic inpu t system  to  
viewers and in terp re ters. T he system  I suggest is based on th e  idea of a  hierarchical class, 
since th is fits natu ra lly  into th e  idea of proteins as sequences of residues, bu t th is is merely 
a  useful sho rthand : trends in com puter science change, and O bject O riented program m ing 
is a  cu rren t useful paradigm , bu t th e  descriptions should also be in terp re tab le  by languages 
such as C and F o rtran , and by system s which have no hierarchical m odel such as AVS.
10.2.2 R elating  sequence and biological activ ity  to  structure
10.2.3 Fast realistic im age generation
A large p a r t of the  work a t  Glasgow has been directed tow ards tools for relating sequence 
to  th ree  dim ensional s tru c tu re . P as t successes in th is approach have included an in terp re­
ta tio n  of tu rn  types based on observed hydrogen bonding p a tte rn s  and softw are for quick 
com parison of th e  hydrogen bonding p a tte rn s  and hence the  topology of related proteins. 
It seems clear th a t  a  system  which m aps ID  properties on to  th e  th ree  dim ensional chain 
of th e  pro tein , in particu lar allowing in teractive switching between th e  two types of rep­
resen tation , would be of g reat value. A p ro to type system  for th is has been developed in 
collaboration between Glasgow com puting science and the U niversity of N orth  C aro lina a t  
C hapel Hill, b u t no package curren tly  available combines enough flexibility w ith existing 
usable code.
•fli:
1.
D raw ing chains construc ted  from  thick lines is a fast and reliable way of getting  an in ter­
p re ta tio n  of th e  th ree  dim ensional shape of a whole protein or investigating a single side 
chain, b u t to  fully understand  th e  forces in th e  core of a protein  it is necessary to  have 
a system  for generating  space-filling m odels. U nfortunately, m ost space filling m odels are 
construc ted  o u t of spheres, and picturing spheres has a com putational overhead e ither in
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te rm s of square roo t calculation (see for exam ple A ppendix C) or in th e  large num ber of 
polygons required to  approxim ate a  sphere if it is to  be constructed  from flat surfaces.
T he advantages of using accura te  space filling models even extend beyond looking 
a t  packing effects. As th e  figures in previous chapters show, draw ing even sim ple stick 
d iagram s as com posites of th ree  dim ensional ob jects enhances th e  perception of dep th , 
and helps to  prom ote stereo fusion in 3D viewing. As a result, there  have been m any 
a tte m p ts  to  render spheres quickly for m olecular visualisation. One of th e  m ost prom is­
ing approaches has been developed by John P a tte rso n , [50] using a  corrected parabolic 
approxim ation to  generate spheres in integer arithm etic  (in much th e  sam e m anner as 
polygons are rendered).
F igures 10.1 and 10.2 show th e  results of the two techniques, one the ray-m arker used 
th ro u g h o u t th is work, and th e  o ther the  fast spheres im plem entation w ritten  for th is study. 
T he tw o im ages are v irtually  indistinguishable, thanks to  corrections to  the  dep th  calcu­
lations suggested by me and incorporated  by John P a tte rso n  as th ird  and fourth  order 
differences (details can be found in appendix  D ). T he significant facto r is tim e of calcula­
tion: around 100 seconds for the ray-m arked version, less th an  1 second for the  fast spheres 
im plem entation. O ther fast renderers exist, such as Rasm ol by Roger Sayle [51], b u t they 
rely on precom puted spheres and hence a  lot of m em ory access and offset calculation. T he 
fast spheres algorithm  is a t its best when calculating each sphere individually, and it can 
be com bined w ith perspective effects and variable lighting conditions m aking it su itab le 
for in teractive use. A sm all im age (400x400 pixels) can be m anipulated  a t several fram es 
per second, giving a very convincing 3D effect.
I
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Figure 10.1: R ay-traced space-filling model 
This is a space filling model o f an insulin  m onom er, visualised using a ray-m arker as 
detailed in appendix C. Colour and shadows have been excluded fo r  better com parison  
with the next figure. Calculating an image in this way took around 100 seconds on a
S P A R C -10 based workstation.
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Figure 10.2: Rendered space-filling model 
This is the sam e coordinate set as in the previous figure, this tim e with shading and  
depth calculated according to the corrected fa st spheres algorithm o f P atterson, as 
detailed in appendix D. The calculation o f the image took under 1 second: it is also 
possible to include perspective and a movable light-source using this method, and under  
m ost circum stances the results are indistinguishable from  sim ple ray-marked images.
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Figure 10.3: Differences between ray-m arking and rendering 
This figure shows details from  the two images in figures 10.1 and 10.2. The original 
im plem entation o f the fa s t spheres algorithm showed m inor deviations in the 
in tersections o f spheres, which were tolerable in sta tic images but led to visible “popping” 
in interactive visualisers or anim ations. Adding third and fourth  order correction term s  
to the difference equations corrected these effects.
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10.3 C onclusions. C om prom ising b etw een  softw are d evel­
opm ent and research
Having worked both  as a s tru c tu re  investigator and a  softw are engineer, and also having 
listened to  some of th e  requirem ents of th e  diverse com m unity of scientists in terested  in as­
pects of biom olecular s tru c tu re , there  are a set of com m on underlying problem s which seem 
by their very n a tu re  in trac tab le . L aborato ry  researchers have little  tim e to  learn com plex 
visualisation system s, and certain ly  no tim e to  program  system s to  produce the p articu la r 
specialised representa tions they  often require. C om putational biochem ists spend th e  bulk 
of th e ir tim e re-im plem enting d a ta  s tru c tu res  for handling various m olecular description 
fo rm ats and porting  visualisation code to  new graphics libraries or w indowing system s, 
and keeping up w ith language and hardw are developm ents. C om puter scientists are happy 
to  provide softw are tools which m eet their understanding  of th e  requirem ents of th e  bio­
chem istry  com m unity, b u t find it hard  to  keep up w ith the  changing specifications and 
requirem ents and tend  to  provide inflexible packaged solutions because th e  wider problem , 
w ha t in  general biom olecular softw are should provide, has no t been well enough defined.
F igure 10.4 shows th e  range of problem s visually. Problem s for th e  developm ent of 
an ideal m olecular in te rp re ta tio n  system  come from  th ree  different areas: th e  com plex 
and often con trad ic to ry  n a tu re  of th e  researcher’s requirem ents, th e  expanding d a ta  sets 
on which th e  softw are m ust now be able to  work, and the  fast changing n a tu re  of th e  
com puter technology which m akes s tru c tu ra l chem istry in its p resent form possible.
10.3.1 U ser requirem ents
One of th e  key problem s in th e  developm ent of m olecular softw are is the  wide range of 
different ways researchers have of referring to  the  sam e things. For exam ple, a  single atom  
in a pro tein  m ay be referenced by its type, its mass, th e  side chain type  it belongs to , the 
particu la r side chain it is p a r t of, a  hydrogen bond it partic ipa tes in, its d istance from 
som e o ther non-bonded atom , its  m em bership of some polar or hydrophobic subset of the  
m ainchain or sidechain, or any one of a  num ber of different definitions. One solution is 
to  have a d a ta  s tru c tu re  which is arranged  in the way a  biochem ist in te rp re ts  th e  protein 
- as a  set of backbone chains w ith sidechains, referenced by th e  am ino acid residue they  
represent. B u t in fact th is is ju s t a  sh o rthand  - as earlier chap ters have shown, it is often
Problem s in Protein VisucLÎisa,tion 190
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New sequence tools
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Figure 10.4: P roblem s for Biomolecular S tru c tu re  Analysis 
This diagram shows the range o f problems which conspire to prevent a single elegant 
solution to the study o f biomolecular structure being found. There are three m ain  sources 
o f change which make the ideal software a m oving target: change in the requirem ents o f 
the user both in  term s o f properties to study and in ways o f referencing those properties, 
changing defin itions o f  the am ount o f  data which is o f in terest (always upwards), and  
changes in  the hardware and software technology on tvliich the tools m ust be 
im plem ented. In  the text I  suggest a solution o f a system  lohich is defined in the links 
between the pieces o f software, not in the software itself.
valuable to  cross the  residue boundaries when defining an in teraction : and in th e  work of 
A dzhubei and S ternberg  [35], it was shown th a t  tak ing  the ph i/p si values per peptide  ra th e r 
th a n  per residue identified an im p o rtan t s tru c tu ra l p a tte rn  much m ore clearly. P erhaps 
m ore useful would be a single convention on m olecular d a ta  stru c tu res , based on lUPAC 
nom enclature, and then  a set of tools to  tran s la te  from th e  particu la r description being 
used to  th e  underlying atom s which would then  be used directly.
P rogram m ers are also guilty  of adding to  th e  confusion, by im posing s tru c tu res  on d a ta  
for com pu tational convenience - for exam ple, of the  range of m olecular description fo rm ats 
available, none have th e  flexibility to  handle new m olecular properties or hierarchical 
p roperties of sets of atom s such as hydrogen bonds w ithou t being redefined: none has 
a  m echanism  for nesting an ob ject definition as an object itself, in o ther words. T he 
biom olecular visualisation system  V IE W  developed by Larry B ergm an [19] has w ithin it a 
com m and scrip ting language which allows the  user to  define new ob jects  to  visualise based 
on m olecular geom etry, b u t th e  system  is quite specialised, being purely directed tow ards 
in teractive graphical m anipulation , and th e  language used is a com prom ise between the  
underlying C im plem entation and a  high level description. It shows w hat is possible
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though, and suggests a  rigid system  which enforces a  single nom enclature is no t ob ligatory  
in robust software.
On the  side of sequence analysis, there  are a wide range of different techniques which 
would apparen tly  need to be accom m odated in any sufficiently flexible analysis package, 
such as conservation properties of loops, regions and single residues, in tron  boundaries, 
active site m otifs and so forth . T here are m any m any sequence analysis packages, im ­
plem ented on a  range of different m achines, often labo ra to ry  M acintosh or P C  system s, 
and it would be a m am m oth  task  to  im plem ent even the  m ost com m on algorithm s as 
p a r t of a  new softw are system . However, all of these system s have one saving grace: their 
o u tp u t is nearly always a  linear stream  of d a ta . This linear d a ta  can be m apped on to  the  
th ree  dim ensional chain in a simple m apping, and aside from  a definition of th e  relevant 
ranges of the  properties to  be assigned, each different set of properties is essentially an 
identical scalar m apping. T he problem  of how to  switch between ID  and 3D d a ta  then  
becomes a com puter in teraction  design problem  ra th e r th an  an in ternal file or softw are 
s tru c tu re  problem  -  but this assum es the underlying data structure is flexible enough to 
allow arbitrary properties to be assigned to residues, o therw ise th e  softw are would need 
to  be rew ritten  each tim e a new analysis package was published.
10.3.2 D ata  V olum e
T he sheer volum e of poten tially  relevant biochemical d a ta  is becom ing a problem . T here
are th ree  classes of d a ta  which are curren tly  growing exponentially: sequence, s tru c tu re ,
'
and sim ulation.
Sequence d a ta  is again th e  easiest for a  visualisation system  to  handle, as th ere  is a 
lim it to  how m any sequences can meaningfully be displayed to g eth er a t  one tim e (around 
10) and in any case m ost such displays are sim ply stream s of characters, perhaps w ith 
connecting m arks. If th e  results of a sequence analysis are to  be com bined w ith a 3D 
im age, then  it is likely to  be only one or a  few final linear d a ta  sets which are m apped 
onto  th e  chain. T he problem  of keeping databases up to  d a te  over the  In te rn e t and 
analysing th e  relatedness of proteins is huge, bu t has only indirect consequences for the 
stu d y  of s tru c tu re .
T here is an increase in the  num ber of protein stru c tu res published each year, and 
although the ra te  of grow th is a  little  gentler th an  th a t  for sequences it still leads to
I
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adm in istra tive  and searching headaches. Obviously it is im p o rtan t th a t  any tools for 
searching for p a tte rn  in protein  s tru c tu re  should be au to m ated , b u t it should also be 
no ted  th a t  3D com parisons of s tru c tu re s  can be very tim e consum ing, and often slower 
when no m atches can be found. For th is reason, it would be useful to  be able to  take  a set 
of relevant descrip tors - a  clearly defined set of properties such as a lp h a /b e ta  conten t, size 
of molecule, refinem ent quality, and perhaps even the existence of certain  s tru c tu re s  such 
as loops or m etal binding sites, and p u t them  into a header on which fast searches could 
be carried out. Again it is no use having to  reinstall software and da tab ases  whenever a 
new s tru c tu re  featu re is defined, so new object descriptions would have to  be p a r t of the  
sy stem ’s in terp re ter and also allowed in th e  files them selves. Searching for a  given m otif 
in...
copper binding proteins of less than 100 residues with a beta alpha beta 
crossover of ten residues or fewer
...would then  save a huge am ount of com puting power, and ease up on d a tab ase  access 
where th is is done th rough  a busy server or over the  in ternet.
One final source of large volumes of d a ta  is from  sim ulation experim ents. As m olecular 
dynam ics becomes a  com m on tool in s tru c tu ra l analysis, new tools for identifying different 
conform ers of a  moving protein or for m easuring changes in tension in loops th rough  tim e 
will be developed. Any tool will need to  be able to  handle m any thousands of related 
s tru c tu re s  sim ultaneously, and ab s tra c t relevant inform ation on differences and sim ilarities 
from  them  for display. It canno t be overem phasised th a t  th e  tools for th is analysis are not 
yet com plete: so to  succeed in the fu tu re , m olecular softw are m ust be re-program m able 
a t  sh o rt notice.
10.3.3 Interpretation  of structure
T he analysis of d a ta  w ithin th e  softw are is ham pered by ano ther problem  provided by 
th e  user of th e  system . M any s tru c tu ra l chem ists develop their own ways of representing 
in teractions during  their research (see for exam ple chap ter 8), and a  considerable tim e is 
spen t im plem enting these as p a r t of an existing visualisation system  or from scratch . It 
is also not uncom m on to  find th a t  a version of an old visualisation m ethod is needed - 
for exam ple, a sm oothed backbone or a ribbon representation  - b u t it m ust be in tegra ted  
in to  som e new piece of softw are and so the  algorithm  m ust be rew ritten  from scratch . T he
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problem  arises no t ju s t from  th e  requirem ent for new visualisation techniques b u t from 
th e  range of ways they  m ay need to  be combined.
T he technology of visualisation changes alm ost as rapidly as the  requirem ents of the  
users. T he sim plest solution would be to  find an accepted graphics s tan d a rd  and w rite 
softw are which links to  a  library  of relevant graphics routines, b u t history shows th a t  
no “s tan d a rd ” in graphics description has rem ained the  s tan d ard  for m ore th an  4 years 
(betw een 1985 and 1995 the de facto  s tan d ard s  changed from PH IG S to  Xlib to  GL to  
O penG L ), so some caution  needs to  be adopted  before accepting industry  advice. Even 
th e  developm ent and su p p o rt of high level languages such as C and F o rtran  can no t always 
be relied upon to  follow a set course, and although both  C and F o rtra n 77 are bo th  subsets 
of th e ir next generations C + +  and F ort ran 90 it is not clear th a t  all hardw are vendors are 
com m itted  to  supporting  all types of com piler in the  fu ture.
Any solution to  the  display of m olecular inform ation m ust be above th e  graphics lib rary  
level if it is to  have any useful lifespan. Em erging s tan d ard s  for high level scene description 
such as O penlnventor and VRM L (V irtual Reality M odelling Language) look prom ising -  
b u t notice th a t  a t th e  tim e of w riting there  are a t least two such form ats, related  b u t not 
identical.
Finally, there  is the  problem  of the in terp re ta tion  system  itself. In its sim plest form 
th is would sim ply be a se t of tools for draw ing lines or 3D prim itives such as spheres and 
cylinders on a  screen, b u t th is is only a partia l solution to  a range of problem s encountered 
by s tru c tu ra l biochem ists. W hile crystailographers are used to  th e  constra in ts  of working 
w ith  a 3D graphics system , m any researchers who need access to  3D d a ta  need it as 
p a r t  of a  wider p ro ject and do not have tim e to come to  grips w ith a  fussy visualiser. 
A full solution would allow delicate in teractive m anipulation of a scene, b u t would also 
be capable of generating au to m ated  “executive sum m aries” of a pro tein  or a  com plex for 
previewing. It is as im p o rtan t th a t  quality  hardcopy can be produced, and th a t  d iagram s 
can be au tom atically  or a t  least easily an n o ta ted , as it is th a t  th e  ob ject on th e  screen is 
clear. In th e  near fu tu re  the  ability  to  o u tp u t anim ations directly will become com pulsory, 
and it m ay be th a t  portab le  “snapsho ts” , coordinates of one particu la r set of lines and 
objects, will need to  be o u tp u tab le  for inclusion in hypertex t docum ents.
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10.3 .4  Possib le Solutions
T here  are a range of possible solutions, b u t all of them  involve th e  sam e principle: the  
chem istry  com m unity m ust take a  position on w hat is acceptable from  m olecular softw are, 
and should lay down a set of s tan d ard s  for com m ercial and academ ic softw are developers 
to  use as ta rg e ts .
In th e  sh o rt term  th is could m ean the definition of basic d a ta  s tru c tu re s  and a t  least 
one com m on nom enclature by which d a ta  should be accessible. W ork on a  com m on d a ta  
in terchange fo rm at and a  set of s tru c tu res  for softw are to  be based on will be valuable 
to  th is end, and it is to  be hoped th a t  th e  range of different approaches curren tly  being 
followed can be resolved into a single policy.
In th e  longer term , however, I would recom m end a m ore radical policy: it seems 
reasonable to  believe th a t  techniques curren tly  under developm ent will still be useful in 50 
yea rs’ tim e, in th e  sam e way th a t  th e  basic definitions of s tru c tu re  laid down by Pauling,
Corey, Crick and W atson earlier th is cen tury  are still widely referenced today. M ore 
useful th an  any am ount of up-to -the m inute softw are developm ent would be a  definition, 
in algorithm ic term s b u t still largely com prehensible in a  spoken language, of th e  basic 
s tru c tu re s  and operations on those s tru c tu res  th a t  a particu lar piece of softw are represents.
In th is work I hope to  have shown how a  specialised variant of th e  Pascal-based pseudo­
code com puter scientists use can be extended to  give a  clear and reproducible description 
of operations on th ree  dim ensional d a ta  sets, using reference system s (by a tom , by residue, 
by tem p o rary  hybrid construc t) which seem in tu itive to  a chem ist.
It would no t be impossible for th e  com m unity to  lay down a set of form al guidelines 
for “chemical pseudo-code” descriptions - and as the system  becam e accepted, references 
to  existing algorithm s could be used to  m ake com plex definitions possible in a com pact 
form. T he system  could be used In one of th ree  ways: it could sim ply be a  sh o rth an d  used 
to  com m unicate code s tru c tu re  in scientific papers, it could be stored  in a repository  along 
w ith w hatever im plem entations of th e  code existed in C, F o rtran , or any o ther language 
which will be developed as a legible com m ent header, or it could be form alised in to  a 
com pilable system  as in th e  V IE W  software. T he key would be to  m ake the nam ing of 
p a rts  acceptable to  a biochem ist -  w ith th e  ability to  include Greek le tte rs  to  m ake the  
prin ted  form  of the  algorithm  couched in th e  sam e term s as the  atom s would be described
'H
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by in plain tex t.
A set of definitions would be laid down as a basis, and a central system  for accrediting 
extensions would be added. C en tra l to  th is effort would be th e  idea th a t  it is a lgorithm s 
and descriptions, not softw are and hie form ats, which will rem ain co n stan t over th e  next 
50 years of biom olecular research. In an ideal scenario, a  file sent back from the  fu tu re  
would contain  w ithin itself a description of th e  accum ulated im provem ents and extensions 
to  th e  description to  allow th e  files to  be converted into software: and if this is too  unlikely, 
a t least th e  converse, th a t  any in terp re ta tio n  system  will be able to  handle any previously 
accepted algorithm  and description, will be a  minim um  requirem ent of th e  files.
T he advantage would be clear: th e  reinvention of th e  wheel a t  th e  s ta r t  of every 
research p ro jec t would effectively be elim inated. If the  researcher could sim ply purchase a  
com puter and a  copy of th e  ob ject display and d a ta  handling softw are, and then  pick and 
choose which from  the existing corpus of algorithm s were needed, they  could be compiled 
to g eth er in to  a  single pice of tailored softw are. T he system  would grow in the way high level 
com puter languages have grown, w ith occasional work on library  developm ent and clearing 
o u t old stru c tu res; b u t th roughou t, th e  agenda for d a ta  and algorithm  m anagem ent would 
be being set by the  chem istry com m unity ra th e r th an  the  com puter scientists.
I
I
I
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M o d e l  H i e r a r c h y  f o r  B i o p o l y m e r s
m olecule;
chain segm ent:
chain segment-^Residuemin) Residue, 
residue: 
atom :
atom ->position
atom -}{ Lennard-Jones p aram eters  } 
a to m —^ partial charge 
bond:
bond-^-atom i, a t 01112 
hydrogen  bond  list: 
hydrogen bond:
hydrogen bond-i^type (m c/m c, m c/sc , sc/sc) 
hydrogen b o n d ^ d o n o r  residue 
hydrogen bond->acceptor residue 
hydrogen bond-^donor a tom  
hydrogen b o n d -iaccep to r atom
G r a p h i c s  O b j e c t s
line:
line-fposition^taro positioiiend 
line-^ type  
sphere:
sphere—^ cent re 
sp h e re -fty p e  
polygon:
. . . e tc
ribbon :
polygon list:
. . . e tc  
surface model: 
polygon list:
. . . e tc
P a rt III
A ppendices
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A p p e n d ix  A
Energy calculations
A .l  Lennard“Jon es param eters
A Lennard-Joiies po ten tial has th e  form
or
198
where e is th e  d ep th  of th e  po ten tia l well for the  in teraction  between partic les % and 
j ,  and (j is related to  th e  position of th e  m inim um  of th e  in teraction  between th e  two 
partic les in question. It is usual to  tre a t  th e  and cr,j term s for different atom  types as 
sim ple p roducts of th e  term s for in teractions between atom s of th e  sam e type, and also to  
expand th e  equations to  have a  single p aram eter for each power te rm , giving
"  't -  ' t
for th e  9-6 poten tial, where An  is and Cu is 4cn.(jf-.
T he param eters  for these po ten tia l form s are chosen by refining th e  energy of a m olecu­
lar m odel (for exam ple, th e  coordinates of a known crysta l), found by assum ing a  pairw ise 
additive description of th e  energy, against some m easurable p roperty  of th e  real system
:s:„
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Qa
A 9-6-1 0.0 86.9 12.5 45.8 38.9 38.9 445
x l03 xlQS xlOS xlOS xlO^
C 9-6-1 0.0 2020 355 1410 1230 1230 15
q 9-6-1 -1-0.26 -0.26 + 0 .4 6 -0.46 0.00 -0.33 + 0 .1 1A 12-6-1 0.0 2271 3022 275 1981 1811 7150
xl03 x l03 xlOS xl03 x l03
C 12-6-1 0.0 1230 1340 502 1125 532 32.9
q 12-6-1 -|-0.28 -0.28 + 0 .3 8 -0.38 0.00 -0.30 + 0 .1 0
q em  ab in itio + 0 .2 8 -0.50 + 0 .38 -0.38 + 0 .2 2 -0.30 + 0 .1 0
Table A .l:  Lennard-Jones p aram eters  and peptide partia l charges used in chap ters  2 to  6 .
being m odelled. In th e  work of Lifson, Hagler, D auber et. al. [23], th is was done by 
m atching a set of param eters  to  the  observed properties of a  set of crysta ls of sm all or­
ganic molecules, assum ing th a t  the  observed crystal form s for each molecule were fixed (ie 
ignoring bond stretch ing  or bending) and a ttem p tin g  to  obtain  a single se t of param eters  
which would be transferab le between m olecular crystals. T his work was fairly successful, 
and has been used in one form or ano ther as the  basis for m any of th e  biom olecular force 
fields in use today.
A .2 P artia l charges
Table A .2 gives the  partia l charges and coordinates used for th e  calculations in chap te r 4. 
T he  p artia l charges were estim ated  from  ab initio calculations using a  6-31 G* basis set 
on th e  isolated sidechains in vacuo, as detailed in the original A M B E R  force held [6].
A .3 M odellin g  p o lyp ep tid e  backbones
M odelling polypeptide backbones from scratch  is a  useful h rst stage  in full m odelling of 
proteins ab  initio. M any useful features can be found in simple polyglycine or polyala­
nine models which do not require elabo rate  energy m inim isation or conform ational space 
searching techniques, and in m ost cases these are fastest if im plem ented in a m edium  
level com puter language such as C or F o rtran  and recompiled for each case being stud ied . 
O th er packages specihcally for m olecular modelling tend  to  be angled tow ards optim ising 
a single model w ith a  specihed s ta rtin g  point, while specialist packages for algorithm  im-
j
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residue atom X coord y coord qArg C 0.0 0.0 0.813
-1.3 0.0 -0.493lynl 0.65 1.13 -0.634]\jn2 0.65 -1.13 -0.634
H(nA -1.70 0.86 0.294
1.65 1.13 0.362
0.15 1.99 0.362
1.65 -1.13 0.362
0.15 -1.99 0.362
A sn /G ln -0.79 1.31 0.344
H^y' (^n‘^ )/H(nO 0.79 1.31 0.344
n V n ^ 0.0 0.7 -0.867
C'Y/0*5 0.0 -0.77 0.675
o V o ' 1.19 -1.46 -0.470
C^/G> -1.19 -1.46 0.00
A sp /G lu c y & 0.0 0.0 0.620
0<si/o"i 1.09 0.59 -0.7060<52/o -^2 -1.09 0.59 -0.706
C^/CP 0.0 1.52 -0.208
His+ C" 0.0 0.0 0.719
1.12 -0.81 -0.613
0.69 -2.12 0.103C'Y -0.69 -2.12 0.353n<5 -1.12 -0.81 -0.686
H(NA 2.01 -0.35 0.478H(N< )^ -2.01 -0.35 0.486
His 0.0 0.0 0.384
1.12 -0.81 -0.527
0.69 -2.12 0.122
-0.69 -2.12 0.122N<5 -1.12 -0.81 -0.444
H { N ^ ) -2.01 -0.35 0.320
P ep tid e C« 1.782 -1.3 0.000
Hn 0.5 -3.04 0.260
Nh 0.5 -2.04 -0.260
Co -0.66 -1.37 0.460
Oc -0.66 0.0 -0.460c« -1.84 -2.11 0.000
S e r /T h r H(OT') 1.0 0.0 0.310
0.0 0.0 -0.550
-0.39 1.36 0.194
Table A .2: P a rtia l C harges and C oordinates for hydrogen bonding groups in ch ap te r 4
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plem entation  such as m ath em atica  have th e ir own syn tax  and m odus operandi which are 
unfam iliar to  m ost com putational chem ists.
T he backbone {N, C ", C}jv is defined by a set of N backbone bond angles, {
}, and a set of bond torsion angles w} where to is usually w ithin a few degrees of
T' or occasionally 180° (for cis pep tide bonds). Producing these backbone a tom s is then 
sim ply a  case of proceeding down th e  chain, defining a local coord inate  system  based on 
th e  plane of th e  th ree  preceding atom s, and using the known bond length, bond angle, 
and  torsion angle to  place th e  next atom : th ree  atom s m ust be placed initially.
T he atom s which do no t define th e  chain, {H, 0}jv, can be placed in the  sam e way, by 
defining one torsion angle, one bond angle, and one bond length. T here is also a sim pler 
way, which is to  assum e th a t  th e  bond is in th e  plane of the  nearest th ree  atom s ({ Q _ i,  
Ni, C f}  for hydrogen, {C “ , Q ,  Nj+i} for carbonyl oxygen, and th a t  th e  bond bisects 
th e  angle between those th ree  atom s. Only a  bond length is then  supplied: th is  is the 
technique used for hydrogen placem ent in any case, as hydrogen coord inates are n o t found 
by crystallography.
T here is a sim ple te s t for a  correct im plem entation of th is algorithm : if th e  { a , / ? , 7  : 
0 , "0 , 0;} and bond distance values for a  real chain are used, w ith the first th ree  real co­
o rd inates as s ta rtin g  condition, th e  original coordinates m ust be reproduced to  w ithin 
m achine precision. (N ote th a t  th is will only be the  case for all a tom s if the N C "C O  to r ­
sion, C "C O  bond angle, and CO bond length are taken from th e  real coordinates, not 
using th e  heuristic placem ent given here.)
T he general system  for generating a backbone atom  position based on th ree  previously 
given positions is given here. A coord inate system  relative to  the  plane of the  th ree  atom s 
is defined; the  projection of th e  new bond along the  I direction is sim ply cos(7 ), and 
th e  projection  in th e  J . K  directions is s in (7 ). T he J and K com ponents of th is  are then 
functions of sin(^) and cos(0 ) respectively.
F inding the o ther atom ic positions sim ply involves the  sam e procedure w ith a  new set 
of angles and th e  relevant 3 atom s from th e  chain as it is generated.
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B a c k b o n e  G e n e r a t i o n
ni  =  { 0 , 0 , 0 }
-h
C i= C i +  rc«C'Cos/?J +  rc«c-sin/?.j 
for each residue m > l E  chain; 
I= C “ C /|C «C |
J= IxC «N /|C °^N |
K = -Ix J
Rzrcosy.I +  siiu^.siny.J +  cos(/;.sin7 .K 
n = C  +  rcAT.R,
I= C N /|C N |
J = Ix C C “ /|C C " |
K = - Ix J
R=coso;.I +  sincu.sina.J +  cosw.sino.K
C“= N  +  ipvc .R
I=N C "/|N C "|
J = Ix N C /|N C |
K = -Ix J
R = cos^ .I +  sini i^’.sin^ .J +  cosi/>.sin/?.K 
C =C « +  rccvc.R
0=fw.ect(C«, C, N, rco )
H=fw,ect(C, N, C'^ -, v n h )
B? C , r):
D = 0 .5 (A + C )
E = B  +  r.D B /|D B | 
re tu rn }  E}
ï
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F igure A .l: G enerating  atom ic coordinates from backbone angles 
The general system  fo r  generating a backbone atom  position  based on three previously  
given positions is given here. A  coordinate system  relative to the plane o f the three atom s  
is defined: the projection o f the new bond along the I  direction is sim ply cosy, and. the 
projection in  the J .K  directions is s in y . The J  and K  com ponents o f this are then  
fu n c tio n s  o f  s i n f  and coscj) respectively. Finding the other a tom ic positions sim ply  
involves the sam e procedure with a new set o f angles and the relevant 3 a tom s from  the
chain as it is generated.
4
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A p p e n d ix  B
H ydrogen B ond D ata
B .l  G enerating and m aintain ing se ts  o f  hydrogen bonds
In th e  following pseudo-code showing how the hydrogen bond lists were calculated , a 
“donor” or “acceptor” m eans any user-defined hydrogen bond donor or acceptor group -  
a  pair of atom s in th e  B aker and H ubbard  definition, a  m ore com plicated s tru c tu re  in the  
cases where ex tra  features such as o u t of plane or in plane angles are  required (for exam ple 
in ch ap te r 4 where a  review of angles relating  to  pairs of in teracting  m ain chain peptides 
was required).
T he user-supplied function f/i6o7id() is likewise considered to  be flexible,returning a  final 
ob ject which is the  set of properties associated w ith a  hydrogen bond definition - w hether 
it is m ainchain(m c) to  sidechain(sc), me to  me, or sc to  sc, th e  bond lengths and  angles |
which can m ake up its definition, and so on.
-Y:'
I
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H y d r o g e n  b o n d  t a b l e  g e n e r a t i o n
f o r  e a c h  a m i n o  a c i d  i G c h a i n :
f o r  e a c h  d o n o r  d , :  4
f o r  e a c h  a m i n o  a c i d  j E c h a i n :  
f o r  e a c h  a c c e p t o r  a^:
w h e r e  j ^ i :  S
h y d r o g e n  b o n d  h „ “ f / t6 o ,id ( d ; ,a j )
n = n + l
w h e r e  j = i
a n d  e i t h e r  ( d ,  - > t y p e = m c  a n d  a j  - > t y p e = s c )  
o r  ( d ;  ~ - > t y p e = s c  a n d  aj  - > t y p e = m c ) :  
h y d r o g e n  b o n d  h n = f / i6 o n d ( d i ,a j  )
11=11+1
fhbondÇd-i t^Xj ) :
a tom  D = d i —>D, H = d j ->H, A = a j — X=a j  —>X 
angle a= Z D ,H ,A  |
angle /?=ZH,A,X i
d istance r^ ^  =  |H,A| 
w here a  <60*
and  /? <90* Î
an d  i'h a  < m inr(A -> atom type)
re tu rn  { hn } (={i, j ,  d, -^type, aj -Ttype, D, A, o, /?, r#^} )
3
B .2  Searching for regular p atterns in hydrogen bond lists
T his is th e  algorithm  im plem ented to  carry  ou t th e  searches of th e  hydrogen bond lists. j
N ote th a t  as it is w ritten  here and im plem ented for this works it has an 0 { N '^ j  execution 
tim e, where n is th e  num ber of hydrogen bonds delined in the search p a tte rn . T his was not 
a  problem  for th e  cases here on proteins of size up to  600 residues, b u t could be significant 
for large d a tab ase  query program s. T here are several schemes possible to  avoid th is, w ith 
an approach based on knowledge of th e  evaluation order of the  hydrogen bond list and
;S;
%
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keeping searches for derived bonds w ithin the  lim its specifies by th e  values of x and  y 
would reduce th is to  approxim ately  0 { N lo g N ) .
H y d r o g e n  b o n d  s e a r c h e s
given search p a tte rn  S = {roo t, d e riv ed l, derived2, ...} 
for h; Ehydrogen bond  list: 
if  m atch(h i, S—>root):
Nf,5.atc/ies —1
for S/iE{S—>d eriv ed l, S->derived2, 
for h jE hydrogen  bond  list: 
if  m atch (h j, S&):
nex t h j  
if Nrnatc/ie5 = m u n b er in  S: 
success
A p p e n d ix  C
Raym arked Im ages
C .l  A  sim ple, realistic , im age generator
207
M olecules have been modelled as balls connected as sticks for as long as s tru c tu ra l chem- ' : !
is try  has been a  science. W ith  th e  advent of com puters capable of realistic com puter 
graphics, representa tions of molecules as ball-and-stick have been com m on -  and  in fact, 
th e  principles are very sim ilar for some types of cartoon represen ta tion  and for space 
filling models. Basically, all th a t  is required is a way of draw ing spheres and cylinders, 
shaded for th e  im agined lighting conditions and w ith som e way of detecting  and handling 
in tersections between objects.
F ast -  particu larly  real tim e in teractive -  system s rely on being able to  render flat 
polygons, so models have to  be built up from  m any faceted approxim ations to  spheres and 
cylinders. For m ost applications th is  is acceptable (indeed, for m any purposes of study, a 
sim ple m odel built of lines and circles is adequate  if com bined w ith m otion or su itab le  3D 
v isualisation equipm ent). T here are som e cases where it falls down - particu larly  around 
th e  in tersections of sticks w ith o ther sticks, and when the  scene becomes enlarged to  focus 
on a  single detail.
To produce a  m athem atically  correct model of a typical scene is actually  fairly easy, 
and a sim ple technique for doing th is is given here. W ith  a  full descrip tion of th e  surfaces 
of th e  spheres and cylinders it is possible to  use a technique such as ray-tracing  to  produce 
a  m odel of any th ing  up to  photo-realistic quality. Here ray-tracing  w ith reflectivity and 
tran sp a ren cy  set to  zero is described, technically “ray m arking” .
I
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F igure C .l  shows how th e  calculation proceeds for spheres. F igure C.2 shows the  
slightly m ore com plicated situation  for cylinders.
Ï
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R a y - m a r k i n g  s p h e r e s
g i v e n  l i g h t i n g  v e c t o r  I 
g i v e n  a m b i e n t  l i g h t i n g  i n t e n s i t y  a  
g i v e n  d i f f u s e  l i g h t i n g  i n t e n s i t y  r a n g e  R  
f o r  e a c h  p i x e l  p ix^ ,^  G v i e w  s c r e e n :  
f o r  e a c h  a t o m  A G v i s i b l e  a t o m s :  
i f  X a n d  y  G A.b o u n d i n g  b o x ;  
r \ .^  =  (A^-n)^ +  (Ay-y)^ 
r / i =  A - - ^ r a d i u s  
i f r \ y < r A :
Z=A^ +  (r^^ -
P =  { x ,  y ,  z }  I
N ={A j,, Ay, Ag}
U = P N /r^ -^ î
i f  z > z b n f f e i \ p y :
' Æpixa:y -> in tensity= m ax(U .I, 0).R  +  a
Îj
I
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R a y m a r k i n g  c y l i n d e r s
55 2 —— M 2 I i>5 2
C ’= C + A B ( r \ . / ) V 7 i - 3
g i v e n  l i g h t i n g  v e c t o r  I 
g i v e n  a m b i e n t  l i g h t i n g  i n t e n s i t y  a  
g i v e n  d i f f u s e  l i g h t i n g  i n t e n s i t y  r a n g e  R  
f o r  e a c h  p i x e l  p ix ^ iy  G v i e w  s c r e e n :
for each bond  AB w here A or B G visible atom s: 
if X and  yG A B.bounding box:
r i ^  =  ( A , - x ) 2  +  ( A y - y ) 2  
r 2 2  =  ( B , - x ) 2  +  ( B y - y ) 2
r32 =  (A^-B..c)^ +  (Ay-By)2 
a = ( r i 2 + r 3 ^ - r 2 ^ ) / 2 r 3
C = A  +  A B .a/rg
a.-y^=(Cx-x)^ +  (Cy-y)^
'^ ^ /=  ( l - ( r i . - y / r c ^ ) ) - ( r c . A B ^ / | A B | ) 2
y 'J _L ! ’ ^x:y —i-xy m  ^ xy
2 =  0 ^ ’ +  ( r c - r ” a;y)^^^
P = {x , y, z}
N = { C „  Cy, C,}
U = P N /r c
if z>zbuffer^y:
.pix^y -^ iiitensity= m ax(U .I, 0).R. +  a
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Figure C .l:  R aym arking spheres 
Calculating the shading fo r  a given p ixel proceeds by find ing  the distance o f the p ixel from  
the sphere centre in the xy plane, then, knowing the radius o f the sphere, calculating the z 
coordinate o f the sphere’s in tersection with the line o f sight, P ,  The norm al at that point 
is sim ply the reverse o f the vector jo in in g  P  to the atom  centre, and the illum ination  o f 
the pixel can then be calculated as a fu n c tio n  o f the angle between illum ination  vector 
and surface normal, (a) shows the relevant param ters and positions as seen fro m  the 
viewpoint, (b) shows the scene perpendicular to the view direction.
■:r
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(b)
Figure C.2: R aym arking cylinders 
Cylinders fro m  more o f a challenge than spheres: the problem lies in  working out the 
position  o f the nearest po int on the cylinder axis to the line o f sight in tersection P, before
the norm al and z value can be calculated.
F irst the nearest po int on the cylinder axis in  the xy plane is fo u n d  (a). Then an offset 
along the axis to the real in tersection is found, by recognising that the distance  r ’ is 
sim ply the projection o f the coordinate perpendicular to P C  on the cylinder base, tuhich
can be fo u n d  by pythagoras.
Once the nearset axial position  has been found, the problem reduces to an identical 
calculation to that on the sphere. A n  extra square root calculation has been introduced.
:î
I
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A p p e n d ix  D
Fast Spheres
D .l  A  very fast space-filling m odel rendering algorithm
G iven th e  im portance of spheres to  m olecular graphics, a  good deal of a tten tio n  has been 
given to  speeding up th e ir display. A ppendix C shows th a t  there  is an unavoidable and 
com putationally  costly square roo t calculation in the evaluation of th e  z-value, th e  axis 
perpendicu lar to  th e  screen, for each pixel th e  sphere covers.
Typical m ethods for speeding up sphere display have relied on some form  of pre­
calculation: approaches based on B litting  pre-calculated spheres, fixing th e  lighsource 
.behind th e  viewer and draw ing circles of co n stan t colour, or using a  lookup tab le  for the
z values have been applied w ith som e degree of success. However, none is tru ly  flexible
under a range of perspective and lighting conditions. An algorithm  which reduces the
calculation to  integer arithm etic  akin to  th e  scan line polygon display techniques used for
m ost in teractive displays would have obvious appeal. John  P a tte rso n ’s F ast Spheres [52]
is ju s t such an algorithm .
T his m ethod generates sphere-like surfaces, using a parabolic approxim ation  delim ited
by B resenham ’s circle-generation algorithm . T he original version used first and second 
.order differencing, and calculated values for a  z-buffer a t the  sam e tim e. Im plem entation 
.allowed in teractive m anipulation  of space filling models a t  around 4 fram es/second for a  
200 a tom  m odel in a 400 pixel window, even on m achines w ithou t any hardw are graphics 
su p p o rt o ther th an  2D pixel b litting  and using an X windows interface which involved 
an e x tra  m em ory copy for th e  whole scene. 10 fram es per second were actually  being
1
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generated , a  fairly respectable anim ation  ra te ; th e  bottleneck was all in th e  display system .
Use of th e  algorithm  in teractively  highlighted one problem : the parabolic approxi­
m ations did no t in tersect evenly, leading to  a visual popping effect when th e  o b jec t was 
moved. C orrections to  th e  geom etry were introduced by adding th ird  and fou rth  order 
difference term s to  th e  z-calculation. This resulted in sphere approxim ations w ithin 1 
pixel of th e  values for a real sphere.
Since th e  perspective transfo rm ation  of a sphere is roughly spherical, it is possible 
to  extend the  technique into real 3D by scaling the  sphere according to  the  perspective 
transfo rm ation . F ast spheres can then  form  th e  basis of an in teractive visualiser w ith 
perspective and possibly stereo views generated  by the  researcher as h e /sh e  works.
For a sphere, the  lighting is given by a diffuse term  based on th e  angle betw een light 
source and surface norm al plus an am bient com ponent.
colour — k o N .L  -b
N .L  ~  l / r { x .C  +  y-ly -b z.l.
T he z-value should be given by g
z =  — (r^ -
bu t for th is fast approxim ation, th is term  is replaced by:
z — (r^ -  -  y ‘^ ) /r
th e  parabolic approxim ation, which removes th e  need for square roo t evaluation. Even
-,a divide operation  norm ally required is removed and replaced w ith a pre-m ultiplication 
and a divide by a power of 2, bo th  of which are considerably faster.
F igure D .l  shows som e of th e  order of evaluation of pixels. T here are a large num ber 
of related  initialisation param eters, which are tab u la ted  in the original reference.
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(a)
(b)
Figure D .l:  F ast spheres 
Calculating the lighting and z  value fu n ctio n s fo r  spheres by P a tterso n ’s difference 
m ethod requires two types o f operation, one a scan-line difference fo r  each line o f  pixels 
between a diagonal and the circle edge and the other a propagation o f the fu n c tio n  and  
the difference term s up the diagonal. O nly one octant needs to be considered fo r  the case 
where the light-source is behind the viewer.
T he two significant te rm s are f(x ,y), th e  colour in tensity  propagation  term  and z(x ,y), 
th e  z buffer propagation  term , and th e  difference term s associated w ith each. In th e  figure 
“+ V + + W ” m eans “+ V (x ,y ) ,V (x + l,y + l)= V (x ,y )+ W ” : so all term s except K, W , Q, and 
S are functions of x  and y.
, : j
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